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Abstract
Assembly of RIG-I Signaling Complexes in Antiviral Immunity

RIG-I is a cytosolic sensor of viral dsRNA. RIG-I molecules are recruited to and translocate
along the length of the viral dsRNA, forming filaments. Filament formation initiates a signaling
cascade that leads to the aggregation of the adaptor MAVS, phosphorylation and dimerization of
transcription factor IRF3, and expression of IFN-B and other antiviral genes. Ubiquitination, a
form of post-translational modification, is critical for the activation of RIG-I. Although structural
studies give us a picture of the ubiquitinated RIG-I, the identity of the ubiquitin ligase involved in
this process remains debated. Furthermore, how RIG-l is recognized as a substrate for

ubiquitination remains unknown.

Our results showed that the RIPLET is the required ubiquitin ligase for RIG-I. RIPLET
specifically ubiquitinated RIG-1 in dsRNA-dependent manner. RIPLET bound to filamentous RIG-I
in an RNA length-dependent manner and their interaction required bivalent RIPLET PRY/SPRY
domains. Furthermore, RIPLET adopted an additional binding mode with long RIG-I filaments,
leading to their clustering. In the absence of ubiquitination, the second binding mode of RIPLET
was able to promote the aggregation of MAVS and the expression of antiviral genes in cells. These
results show a previously un-recognized ubiquitin-independent role of RIPLET in antiviral
signaling. Our work also highlights the importance of receptor clustering for the induction of IFN

signaling.

The clustering of RIG-I filaments, as well as the prion-like polymerization of MAVS, allows

the rapid amplification of signaling. Yet, the process by which the macromolecular assemblies of



RIG-I and MAVS are cleared following signaling remains poorly understood. In the last part of my
work, we show that dsRNA stimulation induces the recruitment of RIG-I into atypical stress
granules (SGs), which contained several IFN signaling molecules and autophagy markers. In the
absence of SGs, cells are not able to degrade these signaling aggregates, leading to hyper-
activation of the IFN pathway. In addition, cells lacking SGs showed pronounced caspase-
dependent death in response to dsRNA stimulation. We propose that IFN signaling aggregates
are degraded through autophagy, and that SGs are act as intermediates in this process. Thus, SGs

play a key role preventing aberrant IFN signaling and cell death.
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Chapter 1: Introduction

Higher Order Oligomerization of RIG-I-like Receptors

Portions of this chapter were published elsewhere:

Cadena C and Hur S. (2019) Filament-like assemblies of intracellular nucleic acid sensors:

commonalities and differences. Molecular Cell. 76 (2), 243-254.

Author contributions:

Cadena C and Hur S conceptualized, wrote, and review this work.



1.1 Self-vs-non-self-discrimination by Pattern Recognition Receptors

The recognition of pathogens by the immune system is critical for the activation of
signaling pathways that allow cells to combat infection. Cells encode receptors, known as
pathogen recognition receptors (PRRs), that sense the presence of moieties or features present
in pathogens (pathogen-associated molecular patterns or PAMPs) but absent in the host. The
last decade of studies showed that foreign nucleic acid sensing is a central mechanism by which
the innate immune system detects pathogen infection. This is carried out by several sensors
that are classified as PRRs. These sensors include RIG-I-like-receptors (RLRs), some toll-like-

receptors (TLRs), aim-2-like-receptors (ALRs), cGAS, among others.

The RIG-I-like receptors, which include RIG-I and MDA?5, are critical for mounting the
immune response against RNA virus infection. However, studies have also shown that, under
various pathologic conditions, these nucleic acid sensors can misconstrue self-derived nucleic
acids as foreign, and that this misrecognition underlies a growing number of auto-inflammatory
diseases. At the molecular level, this makes sense considering that all nucleic acids, regardless
of their origin, are made up of identical building blocks. This is unlike other immune receptors,
such as TLR4, that recognize lipid moieties that are normally absent in the host. Thus, this raises
the question of exactly how nucleic acid sensors in the innate immune system accurately

discriminate between self vs. non-self under normal physiological conditions.

Recent findings, including our own, suggest that the assembly of higher order molecular
complexes allows for accurate discrimination between self vs. non-self nucleic acids. Higher

order oligomerization of receptors enables sensing of multiple distinct features in foreign



nucleic acids, including structure and length, and is critical for robust activation of immune

signaling.

1.2 The RIG-I Signaling Pathway

Retinoic-acid inducible gene | (RIG-1) is a cytoplasmic sensor of viral dsRNA. RIG-I is the
founding member of the RIG-I-like receptor (RLR) family, which also includes melanoma-
differentiation-associated protein 5 (MDADS). RIG-I detects a broad range of viral RNAs during
infection and activates an intracellular signaling pathway that leads to the production of type |
interferons (Yoneyama et al., 2004). RIG-I consists of two N-terminal caspase activation and
recruitment domains (CARDs), a central DExD/H-box helicase domain, and a C-terminal domain
(CTD) (Fig. 1.2A). The CARDs are involved in downstream signal activation, while the helicase-
CTD domains interact with dsRNA. In the resting state, the CARD signaling domain exists in an
auto-repressed state, but it is released upon dsRNA and/or ATP binding (Kowalinski et al., 2011;
Rawling et al., 2015). The released RIG-I CARDs interact with the CARD domain of the
downstream adaptor molecule mitochondrial antiviral-signaling protein (MAVS) through a
homotypic CARD-CARD interaction (Peisley et al., 2014; Wu et al., 2014). This CARD-CARD
interaction then triggers MAVS filament formation, which functions as a signaling platform to
recruit further downstream signaling molecules including TRAFs, TBK1 and IKK. These molecules
subsequently activate IRF3/7 and NF-kB to upregulate type | interferons and other antiviral

molecules (Hou et al., 2011; Jiang et al., 2012; Wu and Hur, 2015).

RIG-I senses viral dsRNA but discriminates between cellular and viral dsRNAs based on

the combination of the RNA duplex structure and the 5’-triphosphate (5’ppp) moiety present in



certain viral RNAs (Hornung et al., 2006; Pichlmair et al., 2006; Schlee et al., 2009). 5’ ppp is
present in all nascent transcripts, whether from the host or virus, but cellular RNAs typically
undergo 5’-processing in the nucleus. This often results in replacement of 5’ppp by 5’'p that
cannot stimulate RIG-I (Ren et al., 2019). Some viral RNAs, however, are generated in the
cytoplasm and can bypass 5’-processing, thereby being subjected to RIG-I detection. The
structures of monomeric RIG-1 in complex with dsRNA showed that the helicase forms a C-like
structure around dsRNA, while the CTD caps the dsRNA end, directly recognizing the 5’ppp

moiety (Lu et al., 2010; Wang et al., 2010).

1.3 Mechanisms of RIG-I Signaling Regulation

As mentioned earlier, RIG-I remains in an auto-inhibited state in the absence of
infection, wherein the CARD signaling domain is secluded within the protein. Binding of the viral
dsRNA end releases the CARD signaling domain, which then interacts with the CARD domain of
the adaptor MAVS. Structural studies have shown that the interaction between RIG-l1 and MAVS
requires the homo-tetramerization of the RIG-I CARD domain (Peisley et al., 2014; Wu et al.,
2014). This CARD tetramerization requirement is fulfilled through two mechanisms, RIG-I
filament formation and RIG-I CARD ubiquitination. First, the assembly of filamentous oligomers
allows the close proximity of multiple RIG-I molecules, thereby concentrating CARD domains
and facilitating their tetramerization. Second, the K63-linked poly-ubiquitination of the RIG-I
CARD promotes its tetramerization for efficient MAVS activation. | will further discuss these

mechanisms below.



1.4 Filament-Like Assembly of RIG-I

In addition to 5’ppp and the duplex structure, RIG-1 also recognizes dsRNA length for
more accurate discrimination between self vs. non-self RNAs. Earlier studies showed that > 1kb
dsRNA activates MDAS but not RIG-I (Kato et al., 2006), which led to a model that MDA5
recognizes long dsRNA while RIG-I recognizes short dsRNA. However, a number of studies
showed that RIG-I recognizes longer dsRNAs when compared among <~1 kb and provided at the
same molar concentration, i.e. with the same concentration of 5’ppp (Binder et al., 2011; Patel
et al., 2013). Direct association studies have not yet shown which physiologically relevant
ligands are sensed by RIG-I during infection. Therefore, the duplex length discrimination
hypothesis is based on studies using model dsRNA ligands. However, this duplex length-
dependence can explain how different strains of Sendai virus (SeV) that generate defective viral
genomes (DVGs) of different lengths activate RIG-I in a length-dependent manner (Strahle et

al., 2006).

How does RIG-I senses dsRNA length? The answer likely lies in the fact that dsRNA
binding is not sufficient to activate RIG-I and that RIG-I CARD oligomerization is additionally
required for MAVS activation. The helicase domain of RIG-I contains an active site for ATP
binding and hydrolysis, which is important for RIG-I translocation and oligomerization on dsRNA
(Myong et al., 2009; Patel et al., 2013; Peisley et al., 2013). While RIG-I binds to 10-15 bp dsRNA
end as a monomer (Jiang et al., 2011; Kowalinski et al., 2011; Luo et al., 2011), RIG-I forms a
filamentous oligomer on longer dsRNA (Binder et al., 2011; Patel et al., 2013; Peisley et al.,
2013). More specifically, RIG-I preferentially binds to the dsRNA end as a monomer, but this

triggers RIG-I ATP hydrolysis, which powers RIG-I translocation from the dsRNA end to the
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interior (Myong et al., 2009). RIG-I translocation then re-exposes the 5’ppp, allowing
recruitment of another RIG-I molecule to the dsRNA end. Subsequently, iterations of end-
recruitment and translocation of RIG-I leads to formation of filamentous oligomerization near
the dsRNA end (Fig. 1.2B) (Peisley et al., 2013). Filament assembly of RIG-I then brings together
CARDs from adjacent RIG-I molecules in close proximity, and consequently promotes CARD
tetramerization (Fig. 1.2B) (Peisley et al., 2013). RIG-I filament formation is limited on >1 kb
dsRNAs, because the assembly initiates from the dsRNA end to the interior, and the dsRNA
ends become a limiting factor with very long dsRNA (Peisley et al., 2013). This explains why RIG-
| signaling is inefficient with >1 kb dsRNA. RIG-I filament assembly may also provide an
explanation as to how RIG-I senses RNA modifications present in the RNA interior distant from

the dsRNA end (Hornung et al., 2006; Peisley et al., 2013; Uzri and Gehrke, 2009).
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Figure 1.1: RIG-I Filament Formation and Signaling

1.1A) Both RIG-I and MDAGS share the same domain architecture, comprising a 2CARD signaling domain, a Rec-A-
like helicase, and a C-terminal domain. 1.1B) RIG-I first binds the 5’ppp at the end of the dsRNA, then uses ATP
hydrolysis to translocate to the interior. Repeated 5’ppp end binding and translocation leads to ‘coating’ of the
dsRNA and filament formation along its length. 1.1C) RIG-I filament formation promotes signaling by concentrating
available 2CARD domains for tetramerization. The 2CARD tetramer promotes MAVS filament formation, which in

turns recruits downstream signaling molecules like TRAFs.




1.5 Ubiquitination of the RIG-I CARD

Ubiquitination is a type of post-translational modification that is involved in many
cellular processes, including protein degradation, trafficking, protein-protein interactions, and
signal transduction, among many others. During this process, the small protein ubiquitin
(~8.5kd) is covalently conjugated to a target through the sequential activity of three enzymes,
E1, E2, and E3 (figure 1.2). The first step in this cascade involves the ubiquitin activating enzyme
(E1), which uses ATP to conjugate the C-terminal glycine residue in ubiquitin to its active
cystine. Next, ubiquitin is transferred to a cystine residue in the active site of an ubiquitin-
conjugating enzyme (E2). Finally, the ubiquitin ligase (E3) binds to both, the E2 and the
substrate, and facilitates the transfer of ubiquitin from the E2 to a lysine residue in the target
protein (Komander D and Rape M, 2012). Since E3s are responsible for binding the substrate,

they are critical determinants of the specificity of ubiquitination.

The ubiquitin protein contains seven lysine residues (6, 11, 27, 29, 33, 48 and 63) that
can be targeted for ubiquitination. Repeated ubiquitination of the same target molecule leads
to either mono-ubiquitination at different sites, or the formation of poly-ubiquitin chains. The
lysine residue targeted within the ubiquitin protein during poly-Ub chain formation also plays a
role in the fate of the target protein. Repeated ubiquitination at lysine 48, for example, is a
typical mark for proteasomal degradation of the target protein, while ubiquitination at lysine 63
is associated with signal transduction. K63-linked poly-ubiquitination plays a role in multiple

immune signaling pathways, including the activation of RIG-I during viral infection.



Structural studies have provided a clear picture of the role of ubiquitination in RIG-I
signaling, specifically in CARD tetramerization. RIG-I filament formation on long dsRNAs
(>100bp) concentrates the number of RIG-I molecules available for CARD tetramerization and
signaling. However, RIG-I can also signal with shorter dsRNAs (between 15-50bp). The structure
of the RIG-I CARD tetramer bound to K63-linked poly-Ub chains revealed how stable CARD
tetramerization on shorter dsRNAs is achieved. The RIG-I CARD tetramer structure exhibited a
helical assembly resembling a ‘lock washer’ (Peisley et al., 2014). This helical assembly is bound
at the periphery by K63-linked poly-Ub chains, which stabilize the CARD tetramer (Figure 1.2,
adapted from Peisley et al., 2014). The RIG-I CARD tetramer serves as a template to recruit
MAVS CARDs and nucleate the assembly filaments, which in turn initiate antiviral signaling (Wu
et al., 2014). Despite the detailed understanding of the ubiquitinated RIG-1 CARD, we are
missing critical insight into the ubiquitination process, specifically, which E3 ubiquitinates RIG-I

during signaling and how this E3 recognizes RIG-I as a substrate (figure 1.2).

The ubiquitination of RIG-I was demonstrated shortly after its discovery. The ubiquitin
ligase TRIM25 was shown to ubiquitinate RIG-I at lysine 172 in the CARD domain (Gack et al.,
2007). TRIM25 was discovered using a pull-down mass-spectrometry approach using the
isolated RIG-I CARD fused to GST (GST-CARD), which is sufficient to initiate RIG-I signaling.
Deletion of TRIM25 in cells led to higher viral replication and a deficiency in the expression of
antiviral genes, demonstrating a critical role for this E3 in antiviral signaling (Gack et al., 2007).
RIPLET (also known as REUL) is a second ubiquitin ligase shown to interact with RIG-I (Gao et al.,
2009; Oshiumi et al., 2009). This interaction was demonstrated using a yeast-two-hybrid

approach with full-length RIG-I as a bait. Surprisingly, RIPLET was shown to ubiquitinate RIG-I at



the same lysine residue in one study (Gao et al., 2009), but also at several other C-terminal
lysine residues (Oshiumi et al., 2009; Oshiumi et al., 2010, Oshiumi et al., 2013). Like TRIM25,
deletion of RIPLET from cells led to a deficiency in antiviral signaling. The redundancy in the
function of these ubiquitin ligases led to a model in which RIPLET and TRIM25 sequentially
ubiquitinate RIG-I during antiviral signaling. In this model, RIPLET first ubiquitinates C-terminal
residues of RIG-I, which was thought to relieve the auto-repression of the N-terminal CARD
domain. Second, RIG-I dsRNA binding allows the recruitment of TRIM25, which then

ubiquitinates the CARD domain at lysine 172, promoting signaling (Oshiumi et al., 2010).

The sequential ubiquitination model fails to take into account that dsRNA binding alone
is sufficient to release the RIG-I CARD (Kowalinski et al., 201), without the need for
ubiquitination. Furthermore, the role of TRIM25 in RIG-I signaling has been studied mostly in
the context of GST-CARD overexpression, thus whether or not TRIM25 plays a role in the
signaling of full-length endogenous RIG-I remained unknown. In addition, the antiviral role of
TRIM25 in the context of IAV infection (a RIG-I-specific agonist) was shown to be RIG-I-
independent (Meyerson et al., 2017), and TRIM25 has ascribed with several other antiviral
functions (Choudhury et al., 2014; Li et al., 2017; Manokaran et al., 2015; Zheng et al., 2017).
Altogether, these findings suggest that the effect of TRIM25 on RIG-I signaling could be indirect.
The conflicting reports about the role of RIPLET and TRIM25 in RIG-I signaling prompted us to

study the mechanistic details of RIG-I ubiquitination.
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ATP

AMP

PPi

Figure 1.2: The Ubiquitination Reaction

1.2A) The ubiquitin activating enzyme uses ATP to activate ubiquitin to conjugate the C-terminal glycine residue
into its active site. Ubiquitin is then transferred to the ubiquitin-conjugating enzyme (E2). The ubiquitin ligase (E3)
brings the substrate and E2 together, facilitating the final transfer of ubiquitin to the target. Below is the structure
of the RIG-I CARD tetramer (A-D) bound by a K63-linked poly-ub chain at the periphery (adapted from Peisley et al.,
2014). Despite having a detail picture of the ubiquitinated target in RIG-I signaling (CARD), we are missing key

information in the ubiquitination reaction.
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Chapter 2:

The role of the ubiquitin ligase RIPLET in the assembly of RIG-I signaling aggregates in antiviral

immune signaling.

A version of this chapter was published elsewhere:

Cadena C, Ahmad S, Xavier A, Willemsen J, Park JW, Oh SW, Fujita T, Hou F, Binder M, and Hur
S. Ubiquitin-dependent and -independent roles of E3 ligase RIPLET in innate immunity. Cell.

177(5), 1187-1200 (2019)

Author Contributions:

CC, SA, AX, JW, JWP, MB and SH designed experiments and analyzed data. CC, SA, AX, JW, SP
and JWP performed experiments. SWO and TF provided RIG-I antibody. FH and MB provided

knock-out cell lines and FH provided RIPLET antibody.
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2.1 Abstract

The conventional view posits that E3 ligases function primarily through conjugating
ubiquitin (Ub) to their substrate molecules. We report here that RIPLET, an essential E3 ligase in
antiviral immunity, promotes the antiviral signaling activity of the viral RNA receptor RIG-I
through both Ub-dependent and -independent manners. RIPLET uses its dimeric structure and a
bivalent binding mode to preferentially recognize and ubiquitinate RIG-I pre-oligomerized on
dsRNA. In addition, RIPLET can cross-bridge RIG-I filaments on longer dsRNAs, inducing
aggregate-like RIG-1 assemblies. The consequent receptor clustering synergizes with the Ub-
dependent mechanism to amplify RIG-I-mediated antiviral signaling in an RNA-length
dependent manner. These observations show the unexpected role of an E3 ligase as a co-
receptor that directly participates in receptor oligomerization and ligand discrimination. It also
highlights a previously unrecognized mechanism by which the innate immune system measures

foreign nucleic acid length, a common criterion for self vs. non-self nucleic acid discrimination.
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2.2 Introduction

Effective immune response to viral infection depends on the efficient recognition of viral
RNAs by an innate immune receptor, RIG-I. RIG-I detects a broad range of viral RNAs, by
recognizing double-stranded RNA (dsRNA) harboring a 5’-triphosphate (5’ppp) or diphosphate
group (Goubau et al., 2014; Schlee et al., 2009). These features are often present in viral RNAs,
either in the form of defective interfering particles or in viral genomes, but are typically absent
in cellular RNAs. Viral RNA recognition then leads to the activation of the downstream adaptor
molecule, MAVS, which triggers antiviral signaling pathways to produce type | and IlI

interferons (IFNs) and other inflammatory cytokines (Yoneyama and Fujita, 2010).

Previous structural and biochemical studies have revealed a detailed picture of how RIG-
| recognizes dsRNA with 5’ppp and how viral RNA binding leads to signal activation (Lassig and
Hopfner, 2017; Rawling and Pyle, 2014; Sohn and Hur, 2016). In the absence of viral RNA, RIG-I
is in an auto-repressed state wherein the signaling domain, the N-terminal tandem CARD
(2CARD), is inhibited from activating MAVS (Kowalinski et al., 2011). dsRNA binding occurs via
the RIG-I helicase domain and the C-terminal domain (CTD), which together bind the dsRNA end
and recognize the 5’ppp (Jiang et al., 2011; Luo et al., 2012). dsRNA binding and/or the
subsequent ATP binding was proposed to release the auto-repression of 2CARD (Kowalinski et
al., 2011; Rawling et al., 2015). The released 2CARD then forms a tetramer and recruits MAVS
through a homotypic CARD-CARD interaction (Jiang et al., 2012; Peisley et al., 2014). This
interaction nucleates MAVS CARD filament formation, which in turn serves as a signaling
platform to recruit and activate downstream signaling molecules, such as TBK1 and IRF3 (Hou

etal., 2011; Wu et al., 2014).
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The notion that RIG-I signaling requires not only a release of 2CARD but also its
tetramerization is supported by the presence of multiple mechanisms that tightly regulate the
2CARD tetramerization process. First, while RIG-I binds to dsRNA ends as a monomer, it can
also form filamentous oligomers on longer dsRNA through ATP-driven translocation of
individual monomers from the dsRNA end to the interior (Binder et al., 2011; Devarkar et al.,
2018; Myong et al., 2009; Patel et al., 2013; Peisley et al., 2013). It was further shown that
filament formation of RIG-I promotes 2CARD tetramerization, presumably by increasing the
local concentration of 2CARD (Peisley et al., 2013). Second, in addition to RIG-I filament
formation, K63-linked polyubiquitin (K63-Ubn) was also shown to promote RIG-I signaling (Jiang
et al., 2012). Structural studies further showed that K63-Ubn chains bind the periphery of the
core 2CARD tetramer, bridging the adjacent subunits and stabilizing its assembly (Peisley et al.,
2014). The 2CARD tetramer then acts as a helical template to nucleate the MAVS filament

formation for downstream signal activation (Wu and Hur, 2015).

Despite the detailed understanding of the action of K63-Ubn on RIG-I, much remains
debated as to how and when Ub is placed on RIG-I, which E3 ligase is involved and how it
interplays with RIG-I filament formation. Previous studies reported that TRIM25 and RIPLET (i.e.
RNF135) are two essential E3 ligases important for RIG-I signaling (Gack et al., 2007; Gao et al.,
2009; Oshiumi et al., 2009; Oshiumi et al., 2010). A more recent study proposed that RIPLET and
TRIM25 sequentially act on RIG-I upon viral RNA engagement (Oshiumi et al., 2013). That is,
RIPLET first acts on the C-terminal portion of RIG-I, releasing 2CARD, which is then modified by
TRIM25. However, given the previous finding that RNA binding is sufficient to release 2CARD

(Kowalinski et al., 2011), it was unclear whether RIPLET indeed acts to release 2CARD and if so,
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how. At the same time, accumulating evidence suggested that TRIM25 has multiple, RIG-I-
independent antiviral functions (Choudhury et al., 2014; Li et al., 2017; Manokaran et al., 2015;
Meyerson et al., 2017; Zheng et al., 2017), raising the question whether the observed effect of

TRIM25 on RIG-I represents a direct or an indirect effect.

We here report a combination of cellular and biochemical data showing that RIG-I
activation is dependent on RIPLET, not TRIM25, and that RIPLET suffices to ubiquitinate and
activate RIG-I. In addition, RIPLET recognizes the filamentous form of RIG-I using two distinct
binding modes, the interplays of which offer previously unrecognized mechanisms for ligand

discrimination and receptor clustering.
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2.3 Methods

2.3.1 Cell lines

Unless mentioned otherwise WT, RIG-I-/-, RIPLET-/- and TRIM25-/- 293T and MEF cell
lines generated by the CRISPR/Cas9 technology from the Hou lab (Shi et al., 2017) were used
throughout the manuscript. Additional RIPLET-/- and parental WT MEF cell lines in Figure S1
were obtained from the Oshiumi lab (Oshiumi et al., 2010). Also used in this study (Figure S1)
are TRIM25-/- and parental WT MEFs from the Gack lab (Gack et al., 2007). RIPLET-/- MEFs
stably expressing mouse RIPLET or ARING were also obtained by lentivirus transduction and
selection with 1 pg/ml neomycin (see Viruses). In all cases, parental, passage-matched cell lines

were compared for the effect of knock-out or complementation.

2.3.2 Plasmids

Mammalian and bacterial expression plasmids for RIG-I, MDA5 and MAVS and their
truncation variants were described previously (Peisley et al., 2013; Wu et al., 2013). Human
RIPLET, ARING (residues 94-433), APSpry (residues 1-237) and PSpry (residues 249-433) were
inserted between BamHI and EcoRI of pcDNA3-HA. GST-PSpry was generated first by inserting
PSpry (residues 249-443) into pGEX6p-1 between BamHI and Sall. GST-PSpry in pGEX6p-1 was
then amplified and inserted into pcDNA3-HA using the EcoRl site (for both 5’ and 3’ end
restrictions). ARING was mutated into V127L (GTA->CTC) and T189E/S190F (ACTTCC—>GAATTC)
to engineer Xhol and EcoRl sites, respectively, and the sites were used to replace RIPLET CC by
MCC and GCC (Figure S4D). Note that V127L (GTA->CTC) and T189E/S190F (ACTTCC—>GAATTC)

alone did not impact the function of RIPLET. Bacterial expression constructs for RIPLET, ARING
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and GCC-PSpry were generated using BamHI and Sall in pET47b. RIPLET APRYSPRY (residues 1-
237) was inserted in pET47b using BamHI and EcoRl sites. MCC-PSpry was cloned using BamHI
and Sall in pET50b. GST-PSpry was expressed from pGEX6p-1. Human TRIM25 was cloned
between EcoRl and Xbal in pcDNA3-HA vector (pcDNA3 with the HA-tag between Kpnl and
BamHI). Baculovirus expression construct for human TRIM25 was a generous gift from Owen
Pornillos’s lab. The bacterial expression construct for mouse E1 ubiquitin activating enzyme
(pET28-mE1) was purchased from Addgene. Human Ubc13 and Uev1A were inserted between
the Xmal and Xhol restriction sites in pET47b, and human ubiquitin (WT, K63R, K48R) were
inserted between the Xmal and Hindlll restriction sites in pET47b. Human ubiquitin (K63only)

was purchased from AddGene and subcloned into pcDNA3 with the N-terminal His-tag.

2.3.3 Viruses

Viruses SeV (Cantell strain) was purchased from Charles River. VSV (Indiana stain) was a
generous gift from Dr. Sean Whelan (Harvard). EMCV (murine) was purchased from ATCC (VR-
129B). To generate RIPLET-/- MEFs stable cell lines, HA-tagged mouse RIPLET or ARING were
cloned into pBABE-Neo (kindly provided by Jim DeCaprio) using the restriction sites BamHI and
EcoRI. 293T cells were transfected with the following three plasmids: pBABE-Neo, MLV Gag (gift
from Dr. James DeCaprio), and pMD2.G VSV-G in a 10:10:1 ratio. Lentiviruses were harvested
48hrs post transfection. RIPLET-/- MEFs (from Oshiumi’s lab) were infected with the 0.45 uM
filtered supernatants for 48 hrs, then selected with 1 ug/ml neomycin. Single clones were

selected by limiting dilution and confirmed by western blot.
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2.3.4 Recombinant Proteins

Human RIG-I and MDA?S variants were expressed and purified as previously reported
(Ahmad et al., 2018; Peisley et al., 2013). Briefly, the proteins were expressed in BL21(DE3) at
20°C for 16-20 hr following induction with 0.5 mM IPTG. Cells were lysed by high pressure
homogenization using an Emulsiflex C3 (Avestin), and the protein was purified by a combination
of Ni-NTA and heparin affinity chromatography and size exclusion chromatography (SEC) in 20
mM Hepes, pH 7.5, 150 mM NaCl and 2 mM DTT. Human RIPLET and its variants were also
expressed and purified in the same manner and purified by a combination of Ni-NTA and SEC.
Human TRIM25 was expressed from SF9 insect cells and purified as previously described
(Sanchez et al., 2016). Mouse E1, human Ubc13 and Uev1A and ubiquitins were prepared as

previously reported (Peisley et al., 2013).

For N-terminal fluorescent labeling of RIG-I and its variants, the protein (~2 mg/ml) was
incubated with 0.5 mM peptide (LPETGG) conjugated with fluorescein (Anaspec) and 1.5 uM S.
aureus sortase A (a gift from Hidde Ploegh, MIT) (Antos et al., 2009) at 4°C for 4 hrs, followed by

reverse Ni-NTA affinity purification and/or SEC to remove sortase.

2.3.5 Synthesized RNAs

Double-stranded RNAs (dsRNAs) were prepared by in vitro T7 transcription as previously
described (Peisley et al., 2011). Unless mentioned otherwise, all dsRNAs contain 5’ppp and
blunt end. The sequences of 28, 42, 62, 112, 162 and 512 bp dsRNAs were taken from the first
16, 30, 50, 100, 150 and 500 bp of the MDAGS gene flanked by 5’-gggaga and 5’-tctccc. The

sequences of 15 bp and 21 bp dsRNAs are 5’-agggcccgggaugeu and 5'-gagucacgacguuguaaaaaa,
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respectively. The two complementary strands were co-transcribed, and the duplex was
separated from unannealed ssRNAs by 15% acrylamide (15 and 21 bp), 8.5% acrylamide (28-162
bp) or 6% acrylamide (512 bp) gel electrophoresis in TBE buffer. RNA was gel-extracted using
the Elutrap electroelution kit (Whatman), ethanol precipitated, and stored in 20 mM Hepes, pH

7.0. Qualities of RNAs were analyzed by 1X TBE polyacrylamide gel.

For 3’-biotin labeling of RNA, the 3’ end of RNA was oxidized with 0.1 M sodium peri-
odate in 0.25 M NaOAc, pH 5.5, at room temperature for 2 h. The reaction subsequently was
treated with 0.2 M KCl, the buffer was replaced with 0.25 M NaOAc, pH 5.5, using Zeba
desalting column (Pierce), and incubation EZ-Link Hydrazide-PEG4-Biotin (Pierce) continued at
room temperature for 4—6 h. The labeled RNA was desalted twice to remove unincorporated

biotin and was stored in 20 mM Hepes, pH 7.0, at -20 °C.

2.3.6 Antibodies

For immuno-blotting, antibodies and their manufacturers were: Rabbit a-RIG-1 (ENZO),
rabbit a-HA (Cell Signaling), rabbit a-B-actin (Cells Signaling) mouse a-TRIM25 (BD), mouse a-
Ub (Santa Cruz), a-RIPLET (in-house). For immunofluorescence, antibodies included: a-RIG-I (in-

house)(Oh et al., 2016) and a-TIAR (Santa Cruz).

2.3.7 Luciferase reporter assay

For the IFNB promoter reporter assay, HEK293T cells were maintained in 48-well plates
in Dulbecco’s modified Eagle medium (Cellgro) supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin. At ~80% confluence, cells were transfected with plasmids encoding the
IFNB promoter driven firefly luciferase reporter plasmid (100 ng) and a constitutively expressed
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Renilla luciferase reporter plasmid (pRL-CMV, 10 ng) by using lipofectamine 2000 (Life)
according to the manufacturer’s protocol. Unless mentioned otherwise, signaling activity of
endogenous RIG-I was measured. In Figure 2.1D, expression plasmid for RIG-I (10 ng), MDA5 (5
ng), MAVS (25 ng) or GST-2CARD (50 ng), was transfected together with the reporter plasmids.
In the experiments requiring RNA stimulation, the medium was changed 6hr after the first
transfection and the cells were additionally transfected with RNA (0.2 pg, Invivogen). Cells were
lysed ~20 hrs post-stimulation and IFNB promoter activity was measured using the Dual
Luciferase Reporter assay (Promega) and a Synergy2 plate reader (BioTek). Firefly luciferase

activity was normalized against Renilla luciferase activity.

2.3.8 RT-qPCR

Unless mentioned otherwise, endogenous RIG-I signaling activity was measured by
measuring the level of mRNAs for IFN-B or indicated IFN-stimulated genes. HEK293T cells were
stimulated with dsRNA in a similar manner in the luciferase assay. For SeV infection, cells were
treated with SeV (100 HA units/ml, Charles River) with 1 hr of absorption. For EMCV infection,
MEFs were treated with the virus at a MOI = 0.1 with 1 hour absorption. Cells were lysed ~20 hr
post-infection. Total RNAs were extracted using TRIzol reagent (Thermo Fisher) and cDNA was
synthesized using High Capacity cDNA reverse transcription kit (Applied Biosystems) according
to the manufacture’s instruction. Real-time PCR was performed using a set of gene specific
primers (see the Table S1), a SYBR Green Master Mix (Applied Biosystems), and the StepOne™

Real-Time PCR Systems (Applied Biosystems).
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2.3.9 Ubiquitination reaction

RIG-I ubiquitination was performed in the following manner. Purified RIG-I (1.0 uM) was
first incubated with dsRNA (2 ng/ul) in buffer A (20 mM Hepes, pH 7.5, 150 mM NacCl, 1.5 mM
MgCl2, 2 mM ATP and 2 mM DTT) at RT for 15 min. The RIG-1:RNA complex (to the final RIG-I
concentration of 0.5 uM) was then further incubated with 20 uM ubiquitin, 1 uM mE1, 5 uM
Ubc13, 2.5 uM Uev1A and 0.25 pM E3 (RIPLET or TRIM25) in buffer B (20 mM HEPES pH 7.5, 1.5
mM MgCl2, 5 mM ATP and 0.6 mM DTT) at 37°C for 30 min. For isoT treatment, isoT (10 ng/pl
final) was added to the ubiquitination reaction, and further incubated at 37°C for 30 min.
Reactions were quenched with SDS loading buffer, boiled at 96 C for 5 min, and analyzed on

SDS-PAGE by anti-RIG-I or anti-Ub western blot.

2.3.10 Electron Microscopy

RIG-I or RIG-IAN (0.5 uM) was incubated with RNA (1 ng/pl) in buffer A at RT for 15 min
followed by addition of RIPLET, ARING or its CC-swap variants (0.5 uM) and further incubated at
RT for 15 min prior to EM grid preparation. Prepared samples were adsorbed to carbon-coated
grids (Ted Pella) and stained with 0.75% uranyl formate as described (Ohi et al., 2004). Images
were collected using a Tecnai G2 Spirit BioTWIN transmission electron microscope at 30,000x
magnification for RIG-I filaments and 4,800x or 6,800x for MAVS filaments. Grids for the MAVS

filaments were prepared and imaged as with the RIG-I filaments.

2.3.11 Native gel shift assays

For RNA binding assays, dsRNA (1 ng/ul) was incubated with protein (at indicated
concentration) in buffer A at RT for 10 min, and the complex was analyzed on Bis-Tris native
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PAGE (Life Technologies) after staining with SybrGold stain (Life Technologies). For RIG-I binding
assays, fluorescein-labeled RIG-I was first incubated with dsRNA (1 ng/ul) and subsequently
with RIPLET (at indicated concentration) prior to analysis by Bis-Tris native PAGE (Life
Technologies). SybrGold or fluorescein fluorescence was recorded using the scanner FLA9000

(Fuji) and analyzed with Multigauge (GE Healthcare).

2.3.12 Streptavidin pull-down assay

RIG-IAN filaments (0.5 uM) were formed on non-biotinylated 162 bp dsRNA (1 ng/ul)
and 3’-biotinylated 112 bp dsRNA (1 ng/ul), and were incubated with an increasing
concentrations of ARING or GST-PSpry (0.25, 0.5, and 1uM) at RT for 15 min in buffer A. The
reaction (250 ul) was further incubated with streptavidin-agarose (15 ul, NEB), washed three
times with 0.5 ml buffer A, and eluted with 1 unit/ml protease K (NEB). Biotinylated 112 bp
dsRNA was purified using streptavidin beads and co-purification of 162 bp dsRNA was analyzed

on the 6% TBE gel. Gel image was taken using SybrGold stain fluorescence.

For cellular streptavidin pull-down experiments, WT and RIPLET-/- 239T cells were treated with
100 ng/mL cyclohexamine for 1 hr, and then transfected with non-biotinylated 162 bp dsRNA (1
ug) and 3’ biotinylated 112 bp dsRNA (1 ug). Cells were harvested 4 hrs post-transfection in the
hypotonic lysis buffer (20 mM Tris, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 250 mM sucrose) and
lysed using a 25G syringe (5X). Supernatants were cleared first at 500g for 4 minutes, then at
10000g for 4 minutes. The cleared lysate (400 ul) was incubated with 50 pl streptavidin-
magnetic beads (NEB) overnight. The beads were washed with 500 ul of hypotonic lysis buffer

(2X), 500 pl of wash buffer (0.5M NaCl, 20mM Tris-HCI, pH 7.5, 1mM EDTA), and 200 ul of ice-
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cold low salt buffer (0.15M NaCl, 20mM Tris-HCI, pH 7.5, 1mM EDTA). RNA was eluted in 30 pl
of elution buffer (10mM Tris-HCI pH 7.5, 1mM EDTA) at 65°C for 5 min, then purified using
TRIzol reagent. cDNA was synthesized using High Capacity cDNA reverse transcription kit with

162bp dsRNA-specific primers, and gPCR was performed as described above.

2.3.13 Immunofluorescence imaging

293T cells were infected with SeV or stimulated with 162 bp dsRNA with 5’ppp. At
indicated time points post RNA stimulation, cells were fixed with 2% paraformaldehyde at RT
for 10 minutes, and permeabilized with 0.5% Triton-X at RT for 10 minutes. Cells were blocked
for 30 min at RT with 1% BSA in PBST, and stained using RIG-1 (1:100, in-house antibody) and
TIAR (1:100, SC-398372) overnight. Images were obtained using a Zeiss Axio Imager M1

microscope at 100X magnification.

2.3.14 Multi-Angle Light Scattering (MALS)

The molecular masses of RIPLET, ARING and PSpry were determined by MALS using a
Superose 200 10/300 column (GE) attached to a miniDAWN TRI-STAR detector (Wyatt
Technology) in 20 mM Hepes, pH 7.5, 150 mM NaCl, 2 mM DTT and the data was analyzed using

Astra V (Wyatt Technology).

2.3.15 Quantification and Statistical analysis

Average values and standard deviations were calculated using Microsoft excel and SPSS
(IBM). The values for n represent biological replicates for cellular experiments or individual

samples for biochemical assays. For immunofluorescence experiments, n represent the number
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of cells counted. About 300 cells were examined for each time point per sample. For each
figure, the number of replicates is indicated in the figure legends. Unless otherwise mentioned,
cell culture assays were performed in 3 independent experiments. p values were calculated
using the two-tailed unpaired Student’s t test. We consider values * p < 0.05, ** p < 0.01, ***p

< 0.001 significant.
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2.4 Results

2.4.1 RIPLET is Required for RIG-I signaling.

To examine the importance of RIPLET and TRIM25 in RIG-I functions, we first measured
the signaling activity of RIG-I in wild-type (WT) 293T cells and those lacking RIG-I, RIPLET or
TRIM25 (Shi et al., 2017). Cells were stimulated with either in vitro transcribed 42 bp dsRNA
with 5’ppp (Figure 2.1A) or Sendai virus (SeV) (Figure 2.1B), stimuli known to trigger RIG-I
signaling. Comparison of the level of mRNAs for IFN-3 or IFN-stimulated genes (ISGs) showed
that RIG-I and RIPLET are required for antiviral signaling in response to 5’ppp-dsRNA and SeV.
TRIM25, however, was not required as TRIM25-/- cells displayed slightly enhanced antiviral
signaling. Similar activities were observed with the IFN-[3 promoter driven luciferase activity
assay (Figure 2.1C). RIPLET-/- 293T cells were normal in MDAS5- and MAVS-mediated signaling
(Figure 2.1D), suggesting that the defect in antiviral signaling is specific to RIG-I. Impaired RIG-I
signaling in RIPLET-/- 293T was restored by complementation with RIPLET (Figure 2.1E), further

supporting the notion that RIPLET, not TRIM25, is required for RIG-I signaling.

The importance of RIPLET and the non-essential role of TRIM25 in RIG-I signaling was
also observed with mouse embryonic fibroblasts (MEFs). Stimulation of MEFs with 5’ppp-dsRNA
or vesicular stomatitis virus (VSV) triggered antiviral signaling as measured by the induction of
IFN-B mRNA (Figure 2.1F). This antiviral signaling activity depended on RIG-I and RIPLET, but not
TRIM25, in agreement with the previous report (Shi et al., 2017). Complementation with RIPLET

restored the antiviral signaling activity in RIPLET-/- MEFs (Figure 2.1G).
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Figure 2.1 RIPLET, not TRIM25, is required for RIG-I signaling.

2.1A-B) Relative level of antiviral signaling in 293T cells (WT, RIG-I-/-, RIPLET-/- or TRIM25-/-), as measured by the
level of IFN-f3, ISG15 and RANTES mRNAs by qPCR. Unless mentioned otherwise, all RNAs used in this manuscript
harbor 5’ppp. 2.1C) Relative level of antiviral signaling in WT, RIG-I-/-, RIPLET-/- or TRIM25-/- 293T cells, as
measured by the IFN-3 promoter reporter assay. 2.1D) Relative level of RIG-I, MDAS5 and MAVS signaling in RIPLET-
/- 293T cells. Cells were transfected with plasmid expressing RIG-I (10 ng), MDAS5 (5 ng) or MAVS (25 ng), and were
stimulated with 42 bp dsRNA (0.2 pg) or high molecular weight polyinosinic-polycytidylic acid (polyIC, 0.5 pg). Note
that ectopic expression of MDAS and MAVS is necessary to examine their signaling activities in 293T cells. RIG-I
was ectopically expressed for comparison. The rest of Figure 2.1 measures the endogenous RIG-I activity. 2.1E)
Relative level of antiviral signaling in RIPLET-/- 293T cells with and without RIPLET complementation as measured
by IFN-} qPCR. 2.1F) Relative level of antiviral signaling in MEF cells (WT, RIG-I-/-, RIPLET-/- or TRIM25-/-), as
measured by the level of IFN-3 mRNA. Cells were stimulated with 42 bp dsRNA with 5’ppp (0.2 pg) or VSV (MOI=1).
WB or RT-PCR analysis showing deletion of respective genes. For RIPLET, mRNA level was measured due to the lack
of an appropriate antibody against mouse RIPLET. Note that the RIPLET WB in (A) is for human RIPLET. 2.1G)
Relative level of antiviral signaling in RIPLET-/- MEF cells with and without stable expression of RIPLET using

lentivirus transduction.

All data are presented as mean * s.d. (n = 3-4) and are representative of at least three independent experiments. *

p <0.05, ** p <0.01, ***p < 0.001, ns, not significant (unpaired t test).
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To further validate our observation, we examined additional knock-out cell lines from
independent sources (Figures S1A-S1B). These included RIPLET-/- MEF from (Oshiumi et al.,
2010) and TRIM25-/- MEF from (Gack et al., 2007). 5’ppp-dsRNA and VSV were used to
stimulate RIG-I signaling. The dependence of RIG-I on RIPLET was confirmed in the
independently generated RIPLET-/- MEF cell line (Figure S1A). A moderate reduction (~40 %) in
RIG-I signaling was observed only with one of the TRIM25-/- MEF cell lines (Figure S1C). Note
that the other TRIM25-/- cells showed little defect in RIG-I signaling (Figure 2.1), suggesting that
the small defect in RIG-I signaling is specific to this cell line. Previous studies suggested that
TRIM25 is required for the signaling activity of isolated 2CARD (Gack et al., 2007). In our
analysis, TRIM25 knock-out led to ~50 % reduction in the signaling activity of GST-2CARD
(Figure S1C). This result suggests that while TRIM25 is not necessary for full-length RIG-I
signaling, it has a moderate stimulatory effect on the signaling activity of the isolated 2CARD.
Note that the signaling activity of GST-2CARD was unaffected by RIPLET deletion (Figure S1C).
The observed gain of TRIM25-dependence and the loss of RIPLET-dependence for GST-2CARD

suggest that the signaling mechanism of GST-2CARD differs from that of full-length RIG-I.

2.4.2 RIPLET, not TRIM25, ubiquitinates RIG-l in a dsRNA-dependent manner

To test whether RIPLET or TRIM25 can directly conjugate K63-Ubn to RIG-I, we
reconstituted the RIG-I ubiquitination reaction in vitro. A previous study showed that RIG-I
signaling requires Ubc13 (i.e. Ube2N) (Shi et al., 2017), an Ub E2 conjugating enzyme that can
function either by itself or in complex with catalytically inactive E2 variants, such as Uev1A (i.e.
Ube2V1) (Wu and Karin, 2015). Incubation of RIG-I with purified E1, E2(s), and RIPLET showed

that the Ubc13:Uev1A complex, but not Ubc13 alone, supported robust ubiquitination of RIG-I
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(Figure 2.2A). Consistent with the lack of effect of RIPLET on MDA?S signaling, MDA5 was not
ubiquitinated by RIPLET under the same condition (Figure S2A). The K63R mutation in Ub
prevented polyUb chain conjugation by RIPLET (Figure 2.2B), suggesting that RIPLET primarily
conjugates K63-Ubn to RIG-I. Although ubiquitinated RIG-I migrated into the SDS gel as a
discrete band, it represents polyubiquitinated RIG-I (likely compressed in the resolving and
stacking gel interface). This is evidenced by the appearance of smaller species when RIG-I was
ubiquitinated with an increasing amount of the K63 chain terminator, K63R Ub (Figure 2.2C).
Intriguingly, ubiquitination of RIG-I required presence of dsRNA (Figure 2.2A), recapitulating the
cellular requirement of dsRNA for RIG-I signaling. Since RIPLET does not appear to bind dsRNA
(Figure S2B), dsRNA-dependent ubiquitination suggests the specificity of RIPLET for the RIG-

I:dsRNA complex over RNA-free RIG-I (to be confirmed in Figure 2.3).

Consistent with the non-essential role of TRIM25 for RIG-I signaling (Figures 2.1 and S1),
no RIG-I ubiquitination was observed with TRIM25 under the equivalent condition (Figure 2.2A).
While the lack of ubiquitination could be due to the use of inappropriate E2 enzymes, the
Ubc13:UevlA complex was found required for RIG-I signaling (Shi et al., 2017) and is so far the
only cytosolic E2 known to synthesize K63-linked Ub chains, the linkage type required for
2CARD tetramerization (Peisley et al., 2014; Zeng et al., 2010). Under the same condition,
TRIM25 robustly auto-ubiquitinated itself (Figure 2.2D), suggesting that purified TRIM25 is

active.

30



oRIG-1 (SDS-PAGE)

A

B ¢RIG-| (SDS-PAGE)
RIG-I
-Ub, RIG-I i
-Ub, i
gt '
RIG-I RIG-I
42 bp dsRNA - + + - + + - + + - + + Ub - WT KB63R K48R WT KB63R K48R
2 | R T E2 Ubci3 Ubc13+Uev1A
Ubc13 Ubc13+UeviA Ubc13 Ubc13+UeviA E3 RIPLET
3 + o+ - + o+ - + o+ - + o+ -
RIPLET TRIM25

C

oRIG-I (SDS-PAGE)

RIG-|
250 . -Ub,
150
RIG-I-Ub,
. L&« RIG-I-Ub,
+RI|G-I-Ub
| v —— . “RIG-

no Ub

m K63R Ub

aTRIM25 (SDS-PAGE)

4‘

D

-

42 bp dsRNA - + + = + *
| + o+ o+ + o+ o+
Ubc13 Ubc13+UeviA
E3| + + - + + e
TRIM25

31

Ub-conjugated RIG-I (relative)

80

@
o

s
k=

N
S

0

wT

K63R

K48R



Figure 2.2: RIPLET, not TRIM25, ubiquitinates RIG-1 in a dsRNA-dependent manner

2.2A) In vitro ubiquitination analysis of RIG-I. Purified E1 (1 uM), E2 (Ubc13 alone or in complex with Uev1A, 5 and
2.5 uM, respectably), E3 (RIPLET or TRIM25, 0.25 nM) and Ub (20 uM) were incubated with RIG-I (0.5 uM), either
alone or in complex with 42 bp dsRNA (1 ng/ul). Ubiquitination of RIG-I was analyzed by anti-RIG-I blot on SDS gels.
2.2B) RIG-I was ubiquitinated by RIPLET using Ub (WT, K63R or K48R) in the presence of 42 bp dsRNA. Right:
quantitation of ubiquitinated RIG-I (mean % s.d., n = 3). Ubiquitination reactions were performed as in (A). * p <
0.05, ** p < 0.01, ***p < 0.001, ns, not significant (unpaired t test, compared with WT Ub). 2.2C) In vitro
ubiquitination analysis of RIG-I in the presence of an increasing amount of K63R Ub (0, 25, 50, 75, 100%) mixed in
with WT Ub. Total Ub concentration (20 M) was kept constant. All reactions were performed in the presence of
42 bp dsRNA. 2.2D) Analysis of TRIM25 auto-ubiquitination. Samples in Figure 2.2A were re-analyzed by anti-

TRIM25 blot.
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2.4.3 RIPLET recognizes pre-assembled RIG-I filaments on dsRNA

We next explored how RIPLET interacts with RIG-I and how this interaction depends on
dsRNA. We purified recombinant RIPLET and RIG-I and used native gel shift assays to examine
the mobility of fluorescently labeled RIG-I with and without RIPLET. Consistent with the dsRNA-
dependent ubiquitination of RIG-I (Figure 2.2A), RIPLET bound RIG-I only in the presence of
dsRNAs (Figure 2.3A). RIPLET did not bind MDAGS filaments (Figure S3A), consistent with its lack
of a role in MDAS signaling (Figure 2.1D) and ubiquitination (Figure S2A). The N-terminal 2CARD
deletion mutant of RIG-I (RIG-IAN) also bound RIPLET in a manner dependent on dsRNA.
Isolated 2CARD did not bind RIPLET (Figure 2.3A), in agreement with the lack of effect of RIPLET
on GST-2CARD signaling (Figure S1C). Further truncation of RIG-I to the helicase domain or CTD
impaired RIPLET binding (Figure S3B), indicating that RIG-IAN is minimally required. We then
compared RIPLET binding to RIG-I in complex with 15, 21, 42, 62, and 162 bp dsRNAs, which can
accommodate 1, 2, 3, 4-5 and 11-12 RIG-I molecules, respectively (Figure 2.3B). The mobility
shift assay showed that RIPLET binding requires at least 21 bp dsRNA, i.e. two RIG-IAN

molecules in proximity.

RIPLET consists of the N-terminal RING, central coiled coil (CC) and C-terminal PSpry
domains (Figure 2.3B). The RING domain is known to recognize E2 conjugating enzymes, and is
essential for both RIG-I ubiquitination and unanchored Ubn synthesis (Figure S3D). RING
deletion (ARING) had little impact on RIG-I binding (Figure 2.3B), consistent with the role of
RING in E2 engagement rather than substrate binding. Further deletion of the CC domain,
however, abolished RIG-I binding (Figure 2.3C). Since CC is responsible for dimerization of

RIPLET (Figure S3D), we examined the importance of dimerization by replacing CC by an
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orthogonal dimeric protein, GST. The GST-PSpry fusion fully restored RIG-I binding (Figures 2.3C
and S3E), suggesting that PSpry is the RIG-I binding domain, and bivalency is required for high
affinity binding (Figure 2.3D). This is in line with the observation that RIPLET binds RIG-I only in
complex with dsRNA that is long enough to accommodate at least two RIG-I molecules (Figure

2.3B).

We next explored how the bivalent binding mode of RIPLET affects dsRNA length
selectivity of RIG-I. We expected that RIPLET would bind and ubiquitinate RIG-I filaments on
longer dsRNA more efficiently, because longer filaments would allow many more RIPLET
binding configurations (Figure 2.3D). Comparison of the ubiquitination efficiency, however,
showed that RIPLET ubiquitinates RIG-I most efficiently when RIG-I is bound with ~30-40 bp
dsRNAs. This ubiquitination is more efficient than when RIG-I is bound with >40 bp dsRNAs
(Figure 2.3E). Although RIG-I filament formation is known to be limited on >~0.5-1 kb dsRNAs
(because the filament assembles from a dsRNA end and its propagation to the dsRNA interior is
relatively inefficient, Peisley et al., 2013), which could partly explain the decline in Ub
conjugation with ~500 bp dsRNA, the maximum ubiquitination at ~30-40 bp was unexpected
given the efficient RIG-I filament formation on ~40-~200 bp dsRNA (Binder et al., 2011; Peisley
et al., 2013). The inefficient ubiquitination of RIG-I on >~40 bp RNAs and its preference for
longer dsRNAs in RIG-I signaling led us to question whether RIPLET binds RIG-I differently on
>~40 bp dsRNA, perhaps in a manner conducive to RIG-I signaling, but not for ubiquitination.
Intriguingly, with longer dsRNAs, we observed two populations of RIG-I:RIPLET complexes in

native gels: those migrating into the gel and those remaining in the gel well (Figure S3F)
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Figure 2.3: RIPLET recognizes pre-oligomerized RIG-1 on dsRNA and activates RIG-I signaling in a dsRNA length-

dependent manner

2.3A) Native gel shift assay to monitor the interaction between RIG-1 and RIPLET. Fluorescently labeled RIG-I (full-
length RIG-I, RIG-IAN or isolated 2CARD, 0.5 uM) was incubated with RIPLET (0.5 uM) in the presence or absence of
42 bp dsRNA (1 ng/ul). The complex was analyzed by native gel using RIG-I fluorescence (*). For RIG-IAN, SybrGold
stained image was also shown to clearly visualize only the RNA-bound species. 2.3B-C) Native gel shift assay of RIG-
IAN (0.5 uM) with and without RIPLET (B), ARING (B, C), PSpry (C) or GST-PSpry (C) (0.5 uM for all RIPLET variants).
15-162 bp dsRNAs (1 ng/ul) were used to form the RIG-1:dsRNA complexes of various sizes. Gel images were
acquired using RIG-I fluorescence (*). 2.3D) A model of how RIPLET binds RIG-I filaments. Based on the dsRNA
length dependence and bivalency requirement, we propose that RIPLET binds two nearby RIG-I monomers within a
filament (either immediately adjacent or separated). The lengths of RIPLET CC (~60 amino acids, expected to be
~80 A) and the linker between CC and PSpry (~50 amino acids, expected to be >100 A for fully disordered linker)
are compatible with the model. 2.3E) In vitro ubiquitination analysis of RIG-1 in the presence of 15-512 bp dsRNAs
(1 ng/ul for all RNAs). Right: densitometry analysis of ubiquitinated RIG-I, representative of three independent
analyses. Anti-RIG-l immunoblot was used for quantitation. A similar dsRNA length-dependence was observed by
fluorescence measurement using FITC-labeled RIG-I. 2.3F) Relative level of antiviral signaling in response to 15-512
bp dsRNA (0.2 ug for all RNAs) in 293T cells (WT or RIPLET-/-), as measured by the IFN-3 mRNA level (mean £ s.d., n

= 3). All data are representative of at least three independent experiments.
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2.4.4 RIPLET cross-bridges RIG-I filaments in vitro

To examine how RIPLET binds RIG-I filaments on long dsRNAs and whether RIPLET can
induce additional higher-order oligomerization of RIG-I, we employed negative stain EM to
visually inspect the RIPLET:RIG-I complex. We chose 162 bp and 512 bp dsRNAs, the two longest
dsRNAs used in Figure 2.3. Consistent with previous findings (Peisley et al., 2013), RIG-I formed
filaments only upon dsRNA binding (Figures 2.4A and S4A). Note that dsRNA alone or RIG-I
alone are generally invisible by negative stain EM because of inefficient staining and small sizes.
This allows clear identification of RIG-I filaments on dsRNA. Comparison of RIG-I filaments
before and after RIPLET addition showed that RIPLET induces RIG-I filament bridging (Figure
2.4A). This was observed with both162 bp and 512 bp dsRNAs. Similar to the intra-filament
binding mode, filament bridging required neither the RING domain of RIPLET (Figure 2.4A) nor
the 2CARD domain of RIG-I (Figure 2.4B). No such aggregate structure was found in the absence
of dsRNA or RIG-I (Figure 2.4B). RIPLET also did not bridge MDAS filaments (Figure S4B),

consistent with the specificity of RIPLET for RIG-I, not MDAGS (Figure 2.1D & S3B).

To independently examine the filament bridging activity, we developed a biotin-RNA
pull-down assay, in which the association between biotinylated and non-biotinylated dsRNAs
was examined in the presence and absence of RIG-IAN and RIPLETARING (Figure 2.4C). RIG-IAN
and ARING were incubated with a mixture of 3’-biotinylated 112 bp dsRNA and non-
biotinylated dsRNA of 162 bp. Biotin-dsRNA and the bound proteins were purified with
streptavidin beads, and the level of co-purified, non-biotinylated dsRNA was analyzed by gel. In
the absence of RIPLET, co-purification of 162 bp dsRNA and biotin-112 bp dsRNA was minimal

and was not improved by the addition of RIG-IAN (Figure 2.4C). In fact, RIG-IAN negatively
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affected purification of biotin-112 bp dsRNA (Figure 2.4C), which is likely due to the reduced
accessibility of the 3’-conjugated biotin moiety upon RIG-I binding to the dsRNA end. In the
presence of ARING, however, 162 bp dsRNA was co-purified with biotin-112 bp dsRNA only in
the presence of RIG-IAN (Figure 2.4C). PSpry did not promote dsRNA co-purification. The
requirement of ARING and RIG-1AN for dsRNA co-purification is consistent with the filament
bridging activity of RIPLET. Furthermore, comparison of the recovery rate of non-biotinylated
21-512 bp dsRNAs showed that dsRNA co-purification is more efficient with longer dsRNAs

(Figure 2.4D), as would be expected for filament bridging.

To further examine how ARING bridges RIG-I filaments, we tested the bridging activity of
GST-PSpry, which binds RIG-I filaments as efficiently as ARING (Figure S3E). Intriguingly, GST-
PSpry did not promote RIG-I filament bridging as measured by both EM and biotin-RNA pull-
down assay (Figures 2.4E and 2.4F). This result suggests that RIPLET CC is important for RIG-I
filament bridging and its role is beyond simple dimerization. Considering that RIPLET CC, but not
GST, can bridge RIG-I filaments, we speculate that long antiparallel dimeric CCs may have weak
affinity for each other. This weak interaction may stabilize when RIPLET is locally concentrated
on a RIG-I filament, resulting in the formation of multivalent RIPLET oligomers and bridging of

RIG-I filaments (Figure 2.4G).
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Figure 2.4: RIPLET cross-bridges RIG-I filaments in vitro

2.4A) Representative EM images of RIG-I filaments (0.5 M) formed on 162 bp (top) or 512 bp (bottom) dsRNA (1
ng/ul), in the presence and absence of RIPLET or ARING (0.5 uM). Cross-bridged RIG-I filaments are highlighted
with yellow circles. 2.4B) Representative EM images of RIG-IAN filaments (0.5 uM) formed on 512 bp dsRNA (1
ng/ul), in the presence or absence of ARING (0.5 uM). Images for ARING incubated with RIG-IAN alone or dsRNA
alone were shown on the right as controls. 2.4C) Streptavidin pull-down analysis to examine RIPLET-mediated
cross-bridging of RIG-1 filaments. RIG-IAN filaments (0.5 nM) were formed on non-biotinylated 162 bp dsRNA (1
ng/ul) and 3’-biotinylated 112 bp dsRNA (1 ng/ul), and the complexes were incubated with ARING prior to
streptavidin pull-down. The bound RNA was extracted and analyzed by native PAGE (right). 2.4D) Recovery rate
(mean ts.d., n = 3) of non-biotinylated 21-512 bp dsRNA (1 ng/ul) when incubated with 3’-biotinylated 112 bp
dsRNA (1 ng/ul) and RIG-IAN in the presence and absence of ARING, as in (C). * p <0.05, ** p < 0.01, ns, not
significant (unpaired t test, compared with no ARING). 2.4E) Representative EM image of RIG-I filaments (0.5 pM)
formed on 512 bp dsRNA (1 ng/ul), in the presence of GST-PSpry (0.5 uM). 2.4F) Streptavidin pull-down analysis
using an increasing concentration of ARING or GST-PSpry (0.25, 0.5, and 1 uM). The experiment was performed as
in (C). 2.4G) A model of how RIPLET cross-bridges RIG-I filaments. Weak inter-dimeric interactions between coiled
coils (CCs) may allow RIPLET to form multi-valent oligomers (tetramer or larger species) when clustered on a RIG-I
filament. Multi-valent RIPLET oligomers would then allow cross-bridging of distinct RIG-I filaments. Note that the
two RIPLET binding modes, intra-filament binding (in Figure 2.3D) and inter-filament bridging, are not mutually

exclusive and can co-occur on the same RIG-| filament.
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2.4.5 RIPLET cross-bridges RIG-I filaments in cells independent of stress granules (SGs)

To further examine whether RIPLET-mediated bridging of RIG-I filaments indeed occurs
in cells, we performed a similar biotin-RNA pull-down analysis in WT and RIPLET-/- 293T cells.
Upon transfection with biotin-112 bp dsRNA and non-biotinylated 162 bp dsRNA, cells were
lysed and subjected to streptavidin pull-down. The level of 162 bp dsRNA co-purified with
biotinylated RNA was measured by RT-qPCR. The result showed that 162 bp dsRNA was co-
purified in a manner dependent on biotinylated 112 bp dsRNA (Figure 2.5A). More importantly,
co-purification of 112 bp and 162 bp dsRNA was impaired by RIPLET knock-out (Figure 2.5A)
and was restored by ARING complementation (Figure 2.5B). Similarly, non-biotinylated 512 bp
dsRNA was co-purified with biotinylated 112 bp in an RIPLET-dependent manner (Figures 2.5A
& 2.5B). These data suggest that RIPLET bridges RIG-I filaments in cells and at the endogenous
level of RIG-I and RIPLET. Note that the observed co-purification of dsRNAs is independent of
stress granules (SGs). SGs are cytosolic phase separation structures formed by RNA and RNA-
binding proteins including RIG-I (Oh et al., 2016; Onomoto et al., 2013), and are known to form
upon dsRNA stimulation (Figure 2.5C). In the absence of CHX, we still observed RIPLET-
dependent RNA bridging, but the use of CHX significantly reduced the background RNA bridging
(Figure 2.5D). Note that Figures 2.5A-B were performed in the presence of CHX (see the flow
chart in Figure 2.5A). The observed co-purification of two RNAs, even in the presence of CHX,
suggests that RIPLET-mediated filament bridging occurs independent of SGs. CHX also did not
negatively affect RIG-I signaling (Figure 2.5E), suggesting that SG localization of RIG-I, which is
distinct from RIPLET-mediated filament bridging, is not important for antiviral signaling. The

role of recruitment of RIG-I into SGs will be further explained in chapter 3 of this work (below).
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Figure 2.5: RIPLET cross-bridges RIG-I filaments in cells independent of stress granules

2.5A) In cellulo strepavidin pull-down analysis. WT and RIPLET-/- 293T cells were treated with cyclohexamide (CHX,
0.1 mg/ml) an hour before transfection with non-biotinylated dsRNA (either 162 bp or 512 bp, 1 ugin a 6 well
plate) and 3’-biotinylated 112 b dsRNA (1 ug). Cells were lysed 4 hrs post RNA transfection and were subjected to
streptavidin pull-down as described in STAR methods. Co-purification of non-biotinylated 162 bp or 512 bp dsRNA
was measured by RT-qPCR. No-bio and bio refer to non-biotinylated dsRNA and biotinylated dsRNA, respectively.
2.5B) In cellulo strepavidin pull-down analysis using 162/512 bp dsRNA (1 ug) and 3’-biotinylated 112 bp dsRNA (1
ug). The ARING construct (or empty vector, EV) was transfected into RIPLET-/- 293T cells 24 hr before dsRNA
transfection. 2.5C) Immunofluorescence analysis of endogenous RIG-1 and SGs (marked by TIAR staining) in 293T
cells in the presence and absence of 162 bp dsRNA (0.5 pg) and CHX. Cells were treated with CHX (0.1 mg/ml) an
hour before transfection with dsRNA, and fixed for imaging 2 hr post dsRNA transfection. 2.5D) In cellulo
strepavidin pull-down analysis with and without CHX (0.1 mg/ml). 2.5E) The effect of CHX (0.1 mg/ml) on RIG-I

signaling in response to 162 bp dsRNA.

All data are presented as mean + s.d. (n = 3 for A-D and n = 2 for E) and are representative of three independent

experiments. * p < 0.05, ** p < 0.01, ***p < 0.001, ns, not significant (unpaired t test).
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2.4.6 RIG-I signaling is enhanced by RIPLET-mediated filament cross-bridging

We next asked whether filament bridging contributes to RIG-I signaling. On one hand,
filament bridging would cluster RIG-I molecules, which could promote 2CARD tetramerization
and thus, MAVS activation, with or without K63-Ubn. On the other hand, SG assembly, which
also clusters RIG-I in a RIPLET-independent manner, had no impact on RIG-I signaling (Figure
2.5E). To test the effect of RIG-I filament bridging in cells, we compared the RIG-I-stimulatory
activity of full-length RIPLET and RING fused to GST-PSpry (RING-GST-PSpry) in RIPLET-/- 293T
cells. RIPLET can bridge RIG-I filaments, while GST-PSpry cannot (Figures 2.4E-F). The result
shows that RIPLET is a more potent stimulator of RIG-I than is RING-GST-PSpry (Figure 2.6A),
consistent with the notion that RIG-I filament bridging stimulates RIG-I signaling. Furthermore,
ARING, which can bridge RIG-I filaments but cannot ubiquitinate RIG-I (Figures 2.4A & S3C), also
enhanced RIG-I signaling in response to dsRNA and viral infection (Figures 2.6B & 2.6C), albeit
not as efficiently as full-length RIPLET. The RIG-I-stimulatory effect of ARING was observed with
both transiently expressed ARING (Figures 2.6B & 2.6C) and stably reconstituted ARING (Figure
S6A). Furthermore, comparison among dsRNAs of various lengths suggests that ARING-
mediated RIG-I signaling is more pronounced with longer RNA (Figure 2.6D), consistent with the
length-dependence of filament bridging. While the exact pattern of dsRNA length dependence
in Figure 2.6D differs from that of in vitro filament bridging in Figure 2.4D, this is likely because
the latter is the measure of RNA bridging, not the level of RIG-I clustering and its impact on
signaling. Altogether, these observations collectively support the notion that RIPLET uses the
filament bridging activity to amplify RIG-I signaling and this activity synergizes with the Ub-

dependent RIG-I stimulatory activity.
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Figure 2.6: RIPLET-mediated RIG-1 aggregation enhances antiviral signaling, in both ubiquitin-dependent and -

independent manners.

2.6A) Comparison between full-length RIPLET and RING fused to GST-PSpry (RING-GST-PSpry) (20 ng each) in the

RIG-I stimulatory activity. Relative level of antiviral signaling was measured upon stimulation with 162 bp dsRNA

(0.2 pg) in RIPLET-/- 293T.

2.6B-C) Relative level of RIG-I signaling upon stimulation with 162 bp dsRNA (0.2 ug) (B) or SeV (100 HA units/ml)
(C) in RIPLET-/- 293T cells complemented with empty vector (EV), RIPLET, ARING or APSpry (20 ng). The level of
antiviral signaling was measured by IFN-f mRNA. All cells were transiently transfected with the RIG-1 expression

plasmid (10 ng). See Figure S6 for the effect of ARING on endogenous RIG-I. 2.6D) dsRNA length-dependence of the

effect of ARING on RIG-I signaling.
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2.5 Discussion

According to the current notion in the field of RIG-I signaling, RIG-I is activated by dsRNA
binding and subsequently by TRIM25-mediated ubiquitination. This was largely based on the
studies of isolated 2CARD, the signaling domain of RIG-I. RIPLET was later identified as a
required protein for RIG-I signaling, but was shown to lack the stimulatory effect on isolated
2CARD (Gao et al., 2009; Oshiumi et al., 2009; Oshiumi et al., 2010). Based on the signaling
activity of isolated 2CARD, which partially depends on TRIM25 but not on RIPLET, RIPLET was
proposed to function upstream of TRIM25 in releasing the auto-repression of 2CARD (Oshiumi
et al., 2013). We here showed that RIPLET, but not TRIM25, is required for full-length RIG-I
signaling (Figures 1 and S1), and that the mode of action of RIPLET differs from what was
previously proposed. While we did observe a moderate (~2-fold) stimulatory effect of TRIM25
on the signaling activity of isolated RIG-1 2CARD, as previously reported (Gack et al., 2007)
(Figures S1H & S1lI), knocking-out TRIM25 had little negative impact on full-length RIG-I
signaling (Figures 1 and S1). This was demonstrated using multiple, independent knock-out cell
lines in two different cell types (293T and MEF) with three different RIG-I stimuli (dsRNA, SeV,
and VSV). The lack of impact of TRIM25 on RIG-I function was surprising given the widely held
view of its essential role in RIG-I signaling. Considering the growing list of RIG-l-independent
functions of TRIM25 in antiviral immunity—in part mediated by its RNA binding activity
(Choudhury et al., 2014; Manokaran et al., 2015; Meyerson et al., 2017) and its interaction with
ZAP (Li et al., 2017; Zheng et al., 2017)—the precise nature of the observed effect of TRIM25 on

RIG-I 2CARD requires more detailed investigation.
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Using a combination of biochemical analyses, we also showed that RIPLET is sufficient to
conjugate full-length RIG-1 with K63-Ub, (Figure 2.2). TRIM25 does not ubiquitinate full-length
RIG-I as robustly as RIPLET (Figure 2.2A). While previous studies, including previous studies in
from lab (Peisley et al., 2014), described ubiquitination of isolated 2CARD by TRIM25, this
required significantly higher concentrations of E1, E2, E3 enzymes and substrates. More
importantly, ubiquitination of RIG-I by TRIM25 is not stimulated by dsRNA (Figure 2.2A), further
raising a question on the role of TRIM25 in RIG-I ubiquitination. By contrast, RIPLET binds and
ubiquitinates RIG-I only upon dsRNA binding (Figures 2.2 and 2.3), the mode of action

consistent with the cellular activation condition for RIG-I signaling.

Our biochemical analyses of RIPLET revealed a novel mechanism by which RIPLET recognizes
RIG-I in an oligomeric state-specific manner, and further induces higher order receptor
“clustering”. RIPLET binds the core RIG-I filaments formed by the helicase domain and CTD, and
ubiquitinates multiple sites on the RIG-I protein, including 2CARD. More detailed analysis of the
interactions between RIPLET and RIG-I showed that RIPLET utilizes its dimeric structure and the
bivalent binding mode to preferentially recognize and ubiquitinate filamentous oligomers of
RIG-1 on >20 bp dsRNA. On longer dsRNA, RIPLET can also cross-bridge RIG-I filaments in an Ub-
independent manner. This bridging further promotes the signaling activity of RIG-I, likely by
inducing high local concentrations of the receptor, thereby facilitating 2CARD tetramerization.
The combination of the intra-filament binding and inter-filament bridging modes enables RIG-I
to signal more efficiently on longer dsRNA. In other words, RIPLET utilizes both Ub-dependent

and —independent mechanisms to amplify RIG-I signaling on the basis of dsRNA length.
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Based on the role of RIPLET in both RNA-discrimination and receptor oligomerization, we
propose that RIPLET functions more like a co-receptor, rather than a downstream accessory
protein. Our findings on RIPLET provide a previously unrecognized mechanism for how the
innate immune system utilizes an E3 ligase to measure foreign nucleic acid length, a criterion
commonly used by DNA and RNA sensors for self vs. non-self discrimination (Andreeva et al.,
2017; Morrone et al., 2014; Peisley et al., 2012; Zhou et al., 2018). Additionally, RIPLET-
mediated clustering of RIG-I provides a new perspective on receptor clustering, a phenomenon
studied primarily in the context of cell-surface receptors (Hartman and Groves, 2011). It is yet
unclear exactly how RIPLET specifically recognizes RIG-I filaments and discriminates against
MDAS filaments. Considering that a viral protein can distinguish between RIG-1 and MDAS using
a single amino acid difference (Motz et al., 2013; Rodriguez and Horvath, 2013), one could
speculate an analogous, sequence-dependent recognition mechanism for RIPLET. Future
research is required to understand how RIPLET specifically recognizes RIG-I, and which E3 ligase
recognizes MDA5S and how. Given the importance of the coiled-coil dimeric architecture in
RIPLET functions and the commonality of this architecture in many E3 ligases (e.g. TRIM family
members), our findings on RIPLET may be widely applicable to other E3 ligases recognizing

MDAS and beyond.
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Chapter 3:

Resolution of RIG-I Signaling Aggregates in Antiviral Immunity

Author Contributions:

Cadena C and Hur S designed experiments and analyzed data. CC performed experiments.
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3.1 Abstract

Efficient host defense against viral infection depends on the proper function of pattern
recognition receptors. RIG-| is a pattern recognition receptor that senses viral dsRNA during
infection. Previously, we investigated the early steps in the activation of RIG-I that lead to the
induction of an IFN response. Specifically, we uncovered the molecular mechanism by which
RIG-I and its co-receptor, the E3 ligase RIPLET, form aggregate-like assemblies. These aggregate-
like assemblies are required for the induction of innate immune signaling. However, the process
by which these macromolecular assemblies are resolved following signaling remains poorly
understood. We and others have shown that dsRNA stimulation induces the recruitment of RIG-
| and other signaling molecules into atypical stress granules (SGs). Here, | will present findings

about the role of SGs in the resolution of macromolecular signaling complexes.
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3.2 Introduction

RIG-I is a critical cytoplasmic sensor of viral double stranded RNA (dsRNA). In sterile
conditions, RIG-I remains in an auto-inhibited state wherein the CARD signaling domain is
secluded within the protein (Kowalinski et al., 2011). Upon infection, RIG-I binds the viral
dsRNA and releases its CARD signaling domain, which then interacts with the CARD domain of
the immediate downstream signaling adaptor MAVS (Kowalinski et al., 2011; Rawling et al.,
2015; Jiang et al., 2012). The interaction between RIG-1 CARD and MAVS requires the assembly
of a CARD tetramer (Peisley et al., 2014). The activation RIG-I and its robust signaling depend on
both dsRNA binding and the assembly of large molecular weight signaling complexes (reviewed
in Cadena and Hur, 2019). RIG-I first binds the dsRNA end as a monomer, but then uses ATP
hydrolysis to translocate to the interior of the dsRNA (Binder et al., 2011; Devarkar et al., 2018;
Myong et al., 2009; Patel et al., 2013; Peisley et al., 2013). Repeating the process of end-binding
and translocation leads to ‘coating’ of the dsRNA length by RIG-I molecules (Peisley et al.,
2013). More recently, we described an additional layer of RIG-I aggregation mediated by the
ubiquitin ligase RIPLET (Cadena et al., 2019). RIPLET has an antiparallel dimeric structure that
allows it to bind RIG-I filaments at both ends of the dimer, leading to cross-bridging of RIG-I
filaments. Both RIG-I filament formation and RIPLET-mediated filament bridging promotes RIG-I
signaling by concentrating CARD domains available for CARD tetramerization and facilitating
MAVS interaction (Cadena et al., 2019). Further downstream, MAVS signaling also requires the
assembly of a larger prion-like aggregate, which is nucleated by the RIG-I CARD tetramer (Hou
et al., 2011; Wu et al., 2014). Although we have clear insights into the activation steps along the

RIG-I signaling pathway, the fate of these large signaling complexes remains obscure.
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Stress granules are large liquid-like aggregates of RNA and protein that assemble in
response to several stimuli (Buchan and Parker, 2009; lvanov et al., 2018). The assembly of SGs
is initiated following the phosphorylation of elF2a and the activation of its upstream kinases
PERK, PKR, GNC2, and HRI. These kinases are part of the integrated stress response (ISR) and
activated in response to several stresses (Wek, 2018; Pakos-Zebrucka et al., 2016). PKR binds to
viral dsRNA (Srivastava et al. 1998), PERK detects protein mis-folding in the ER (Harding, Zhang,
and Ron, 1999), GNC2 senses uncharged tRNAs during nutrient depravation (Dever et al., 1992),
and HRI responds to oxidative stress and heme availability (McEwen et al., 2005).
Phosphorylated elF2a inhibits translation by depleting the elF2¢GTP-Met-tRNAiMe! tertiary
complex, which is required for loading the AUG start codon with Met-tRNAiMet (Kedersha et al.,
2002). Shut-down of active translation results in the accumulation of stalled initiation
complexes, which serve as the pool of RNA-protein within SGs (Ilvanov, Kedersha, and
Anderson, 2019). Multiple RNA-binding proteins have been shown to nucleate the
condensation of stalled initiation complexes into SGs. The best characterized SG-nucleating
proteins are G3BP1 and G3BP2 (Ras-GAP SH3 binding proteins 1 and 2), as well as TIA1 (T-cell
Intracellular Antigen 1) and TIAR (TIA-1-related protein) (Kedersha et al., 1999; Kedersha et al.,
2002; Kedersha et al., 2016). The assembly of SGs allows cells to rapidly reprogram their
translational profile by serving as site of mMRNA storage and regulation of their translation
(Ilvanov, Kedersha, and Anderson, 2019). However, recent work has also shown that SGs play a
role in cellular survival or cell-death during different stress conditions or pathological states

(Zhang et al., 2019; Reineke et al., 2018; Reineke and Neilson, 2019).
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In the context of IFN signaling, SGs are thought to function as antiviral ‘hubs,” serving as
platforms for the recruitment of signaling molecules and coordinating the signaling events
(Onomoto et al., 2013). Multiple signaling molecules, including RIG-1 and MDAS5, have been
shown to co-localize to SGS during viral infection (Onomoto et al., 2013; Oh et al., 2016;
Langereis, Feng, and Kuppeveld, 2013). In addition, these SGs contain viral RNA and other
antiviral proteins like PKR, RNase L and OASes (Onomoto et al., 2013; Onomoto et al., 2014;
Kang et al., 2018). The presence of viral RNA and these antiviral proteins in SGs led to the
hypothesis the local concentration of these molecules facilitates signaling. However, previous
work on MDAS (Langereis, Feng, and Kuppeveld, 2013), and our own work in RIG-I (described in
chapter 2), suggested that SGs are dispensable for the antiviral response. This raises the

guestions around the purpose of recruiting RIG-I and other signaling molecules into SGs.

Previous studies have suggested that SGs are cleared through autophagy in the context
of chronic stress (Buchan et al., 2013; Reineke and Neilson, 2019; Silva et al., 2019). Here, |
provide evidence that RIG-I, along with other signaling molecules, are recruited to SGs and
degraded through autophagy in response to dsRNA stimulation. Contrary to the current
hypothesis, SGs are not required for RIG-I-mediated anti-viral signaling, but rather suppress
signaling by sequestering and degrading signaling complexes. Finally, the lack of a clearing
mechanism in the absence of SGs led to a caspase-dependent cell death that requires the RIG-I-
like receptor and MAVS signaling, but was independent of their IFN inducing activities. Although
this work remains in progress, | propose that SGs play a critical role in suppressing aberrant IFN

signaling and a live-or-die cell fate decision in response to dsRNA-mediated stress.
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3.3 Methods

3.3.1 Cell lines

U20S cell lines were used for all experiments in this work. The parental wild-type U2-0OS
and G3BP1 and G3BP2 double knock-out cell lines were kindly provided by Dr. Paul J. Anderson
and described elsewhere (Kedersha et al., 2016). U20S cell lines stably expression GFP-RIG-I,
GFP-MAVS, and GFP-RIPLET (pcDNA3.1) were established using transient transfection, then
selection with 0.5mg/mL Neomycin (G418). Single clones were selected using limiting dilution
and screened using fluoresce microscopy and western blotting. MAVS, RNase L, and IRF3 were
knocked-out in G3BP1/2 KO U2-0S using the pLentiCRISPRv2 vector and lentiviral transduction.
The gRNAs were: MAVS (for: CACCG CCAGCCGGGCCGCCGCTGAA, rev: AAAC
TTCAGCGGCGGCCCGGCTGG C); RNase L (for: CACCG TTTGAGGCGAAAGACAAAGG, rev: AAAC
CCTTTGTCTTTCGCCTCAAAC); IRF3 (for: CACCG GACACCTCTCCGGACACCAA, rev: AAAC
TTGGTGTCCGGAGAGGTGTC C). Following transduction, cells were selected with 1ug/mL
puromycin for one week and knock-out confirmed by immunoblotting and genomic PCR. The All

cells were maintained at 5.0% CO2 in DMEM containing 10% FBS and 1% L-glutamine.

3.3.2 Synthesized RNA

Double-stranded RNAs (dsRNAs) were prepared by in vitro T7 transcription as previously
described (Peisley et al., 2011). The sequences of the 162 dsRNAs were taken from the first 150
bp of the MDA?S gene flanked by 5’-gggaga and 5’-tctccc. The 162bp dsRNAs contains a 5’ ppp
and blunt end. The two complementary strands were co-transcribed, and the duplex was

separated from unannealed ssRNAs by 8.5% acrylamide (28-162 bp) gel electrophoresis in TBE
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buffer. RNA was gel-extracted using the Elutrap electroelution kit (Whatman), ethanol
precipitated, and stored in 20 mM Hepes, pH 7.0. Qualities of RNAs were analyzed by 1X TBE

polyacrylamide gel.

3.3.3 Antibodies

For immuno-blotting, antibodies and their manufacturers were: Rabbit a-RIG-1 (ENZO),
rabbit a-B-actin (Cells Signaling), rabbit a-IRF3 (Cell Signaling), rabbit a-Phospho-IRF3 (Cell
Signaling), rabbit a-caspase 3 (Cell Signaling), rabbit a-caspase 9 (Cell Signaling), and mouse a-
caspase 8 (Cell Signaling). For immunofluorescence, antibodies included: a-RIG-I (in-house) (Oh

et al., 2016) and a-TIAR (Santa Cruz), G3BP1 (Santa Cruz), a-MAVS (Bethyl Laboratories).

3.3.4 Immunoblotting

All experiments were done in a 6-well format (~500 000/well seeded). Cells were
transfected with 1ug of 162bp dsRNA and harvested 6 hours or 24 hours post-transfection. Cells
were harvested by scrapping, then pelleted by spinning down at 16000g for 20 seconds. The cell
pellet was washed with 200ulL PBS, then spin down again. The cell pellet was lysed with 50uL of
1% SDS lysis buffer (10mM Tris 7.5, 150mM NacCl, 10mM DTT, 1% SDS), then boiled for 10min.
Proteins were resolved on 4-15% gradient gels (Invitrogen), transferred to PVDF membranes,

and blotted using standard procedures.

3.3.5 RT-qPCR

All experiments were done in a 24-well format (~100000 cells/well seeded). Cells were

transfected with 200ng of 162bp dsRNA and harvested at 6 hours or 24 hours post-transfection.
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Total RNAs were extracted using TRIzol reagent (Thermo Fisher) and cDNA was synthesized
using High Capacity cDNA reverse transcription kit (Applied Biosystems) according to the
manufacture’s instruction. Real-time PCR was performed using a set of gene specific primers
(see the Table S1), a SYBR Green Master Mix (Applied Biosystems), and the StepOne™ Real-

Time PCR Systems (Applied Biosystems).

3.3.6 Immunofluorescence imaging

Cells were stimulated with 500ng of 162 bp dsRNA for 6 hours. Cells were fixed with 2%
paraformaldehyde at RT for 10 minutes, and permeabilized with 0.5% Triton-X at RT for 10
minutes. Cells were blocked for 30 min at RT with 1% BSA in PBST and stained using primary
antibodies overnight. Images were obtained using a Zeiss Axio Imager M1 microscope at 100X

magnification.

3.3.7 Flow Cytometry

All experiments were done in 12-well format (~200000 cells/well). 20 minutes prior to
dsRNA transfection, the media was changed and contained 10 uM pan-caspase inhibitor (Q-VD-
OPh, Santa Cruz) or DMSO. Cells were transfected with 500ng of 162bp dsRNA for 24 hours,
collected using trypsin, and washed with PBS. The cells were stained with 2uM Sytox (Thermo)
in FACS buffer (1% FBS, 25mM Tris pH 7.5, ImM EDTA in PBS) for 15 minutes. Cells were

analyzed using a FACS Canto Il flow cytometer and BD FACS Diva software.
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3.4 Results

3.4.1 The RIG-I signaling complex is recruited to SGs and degraded through autophagy

We, along with other groups, have shown that endogenous RIG-I forms granules in the
presence of dsRNA (Cadena et al. 2019) or viral infection (Oh et al. 2016) using
Immunofluorescence (IF). These granules co-localize with G3BP1 and TIA, known markers of
SGs (Figure 3.1A and 3.1D). Next, we wanted to know if other components of the IFN signaling
pathway also co-localize with SGs. The ubiquitin ligase RIPLET, which is critical for the signaling
activity of RIG-I, also formed granules that co-localized with SGs (Figure 3.1B). Further
downstream, the adaptor protein MAVS (Figure 3.1C), as well as the signaling molecules TRAF3
and TRAFS5 (Figure S6A). G3BP1 and G3BP2 are known nucleators of SGs. To test if the RIG-I
granule formation precedes SG formation, we knocked-out G3BP1 and G3BP2 from cells (from
here on referred to as G3BP1/2 KO). RIG-I did not form granules in the cells lacking these genes
(Figure 3.1D), suggesting that the observed granules are bona fide SGs. Our previous work
demonstrated that treatment of cells with cycloheximide (CHX), which is known to prevent SG
formation (chapter 2), did not negatively impact IFN signaling in response to dsRNA stimulation
(also explored further below), raising the question of why IFN signaling complexes are recruited
to SGs. Previous reports have suggested that autophagy contributes to the clearance of SGs
under conditions of chronic stress (Buchan et al., 2013; Reineke and Neilson, 2018). We
hypothesized that dsSRNA mediated SGs are a conduit for the degradation of IFN signaling
complexes during signaling. Consistent with this idea, dsRNA stimulation induced the formation
of granules containing LC3, a known marker of autophagy, that co-localized with RIG-I (Figure

3.1E). The co-localization of RIG-I and LC3 was completely abolished in the G3BP1/2 KO cells
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(Figure 3.1E). These results suggest that the recruitment of signaling aggregates to SGs after

dsRNA stimulation is a mechanism for their degradation by autophagy.
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Figure 3.1 RIG-I Signaling complexes are recruited to SGs

3.1A) Representative immunofluoresce images of endogenous RIG-1 and endogenous G3BP1 in the presence of
162bp dsRNA (0.5pg). Cells were fixed 6 hours post-stimulation. 3.1B) Representative immunofluoresce images of
GFP-RPLET and endogenous G3BP1 in the presence of 162bp dsRNA (0.5ug). Cells were fixed 6 hours post-
stimulation. Of note, antibodies for the detection of endogenous RIPLET by IF are not available. These images were
taken in cells stably expressing GFP-RIPLET (see methods). 3.1C) Representative immunofluoresce images of
endogenous MAVS and endogenous G3BP1 in the presence of 162bp dsRNA (0.5ug). Cells were fixed 6 hours post-
stimulation. 3.1D) Representative immunofluoresce images of endogenous RIG-I and endogenous TIA in the
presence of 162bp dsRNA (0.5ug) in wild-type (WT) and G3BP1/2 KO U20S. Cells were fixed 6 hours post-
stimulation. 3.1E) Representative immunofluoresce images of endogenous RIG-1 and endogenous LC3 in the
presence of 162bp dsRNA (0.5ug) in wild-type (WT) and G3BP1/2 KO U20S. Cells were fixed 6 hours post-

stimulation.
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3.4.2 SGs suppress RIG-I Signaling

SGs have been suggested to act as ‘hubs’ for orchestrating signaling events (Onomoto et
al., 2013). This hypothesis is based on the recruitment of RIG-I and other antiviral proteins to
SGs. Furthermore, knock-down of the SG-nucleating protein G3BP1 led to a deficiency in
antiviral signaling (Onomoto et al., 2013). If SGs are involved in the degradation of RIG-I
signaling complexes, then we expect to see an increase in signaling. To test this hypothesis, we
stimulated WT and G3BP1/2 KO cells with a RIG-I-specific ligand (162bp dsRNA, see chapter 2).
Using this model ligand is also beneficial given that viral infection can have confounding indirect
effects in signaling and SG assembly. We stimulated cells for 6 or 24 hours, then measured the
expression IFN-3 mRNA, as well as other antiviral genes (Figure 3.2A). Consistent with the lack
of degradation of the signaling complexes, the G3BP1/2 KO cells showed increased expression
of these genes at 6hrs. In addition to mRNA expression, we monitored upstream IFN signaling
events, like the phosphorylation of the transcription factor IRF3. Consistent with the mRNA
results, the G3BP1/2 showed higher phosphorylation IRF3 at 6 hours (Figure 3.2B). Of note, the
expression of IFN-3 mRNA in G3BP1/2 KO cells decreased at 24 hours, resulting in two-fold
lower reduction compared to wild-type cells. This is consistent with deficiency in RIG-I antiviral
signaling in previous studies (Onomoto et al., 2013). We will explore this drop in the IFN
signaling at 24 hours in the paragraphs below. However, the higher activation at earlier time-
points is consistent with a role for SGs in suppressing signaling rather than their requirement as
orchestrating hubs. If the higher signaling in G3BP1/2 KO cells is the result of a lack of
degradation of the signaling complexes, then knock-out of genes involved in autophagy

produce a similar effect. We performed a similar experiment in ATG7 knock-out cells, which are
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known to be deficient in the autophagy pathway (Figure 3.2C). Like the G3BP1/2 KO cells,
knock-out of ATG7 also led to higher IFN- mRNA expression and phosphorylation of IRF3. Of
note, the effect occurred at a later time-point in the ATG7 KO cells than G3BP1/2 KO. This is
likely because these cells can still form SGs, and thus sequester IFN signaling complexes,

preventing higher activation at earlier time-points.
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Figure 3.2 SGs suppress RIG-I signaling

3.2A) Relative level of antiviral signaling in U20S cells (WT and G3BP1/2 KO), as measured by the level of IFN-[3, IL-
6, and RANTES mRNAs by qPCR. All data are presented as mean + s.d. (n = 3-4) and are representative of at least
three independent experiments. 3.2B) Representative immunoblot for the phosphorylation of IRF3 in U20S (WT
and G3BP1/2 KO) at 6- and 24-hours post dsRNA stimulation. 3.2C) Relative level of antiviral signaling in U20S cells

(WT and ATG7 KO), as measured by the level of IFN-3 mRNA (left) and phosphorylated IRF3 (right).
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3.4.3 SGs are critical for cell survival after dsRNA stimulation

In our attempt to examine the IFN signaling in G3BP1/2 KO in late time-points, we
noticed that these cells were more sensitive to dsRNA-mediated cell-death than the wild-type
(Figure 3.3A-B). G3BP1/2 KO cells showed more increased caspase 3 cleavage (Figure 3.3C) and
their cell death was rescued fully by the addition of the pan-caspase inhibitor Q-VD-OPh (Figure
3.3B). This suggests that the mechanism of cell death in these cells is apoptosis. Next, we
wanted to examine which type of apoptotic cell death is initiated in the G3BP1/2 KO cells.
Immunoblotting for active caspase 8 (involved in extrinsic apoptosis) and caspase 9 (involved in
the intrinsic apoptosis) showed that these cells engage in both pathways (Figure 3.3C),

suggesting a possible interaction between these pathways (McComb et al., 2019).

Cell-death in response to dsRNA stimulation has been studied in the context of RNase L
activation (Castelli et al., 1998; Li et al., 2017). RNase L is a nuclease that cleaves viral and
cellular RNAs during infection. RNase L is activated by OASes (2'-5'-oligoadenylate synthetases),
which are upregulated during the IFN response. We explored whether the death in G3BP1/2 KO
cells is mediated by RNase L by deleting RNase L or MAVS in our G3BP1/2 KO cells. Knock-out of
RNase L partially rescued cell-death in G3BP1/2 (Figure 3.3D). Interestingly, knock-out of MAVS
had a pronounced effect in the death of G3BP1/2 KO cells, independent of the activity of RNase
L (Figure 3.3D). This suggests that MAVS plays a role in ameliorating cell death in the absence of
SGs independent of IFN signaling. Consistent with this idea, knock-out of IRF3 in G3BP1/2 KO

cells did not rescue cell death (Figure S7A).
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Previously, we observed a robust decrease in the expression of IFN-3 mRNA and the
phosphorylation of IRF3 at 24 hours post dsRNA stimulation. This decrease is concomitant with
cell death in G3BP1/2 KO cells. These results raise the possibility that cell death is responsible
for the decrease in IFN signaling at this time-point. To test this, we examined the expression of
IFN-B mRNA at 24 hours in the presence of the pan-caspase inhibitor, which fully rescues cell
death (Figure 3.3A-B). Expression of IFN-3 mRNA was robustly increased in the presence of the
pan-caspase inhibitor at 24 hours (Figure 3.3E). Importantly, the pan-caspase inhibitor did not
affect the expression of IFN-3 mRNA at the early time-point, when cells do not yet show
apparent cell death. Of note, the pan-caspase inhibitor also has an effect on the signaling of WT
cells at 24 hours. Although the cell death in WT cells is not pronounced (Figure 3.3A-B), these
cells do show cleavage of caspases at this time-point (Figure 3.3C), suggesting that engagement

of the cell death pathway alone is sufficient to negatively affect IFN signaling.
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Figure 3.3 SGs are critical for cell survival after dsRNA stimulation

3.3A) Representative light microscopy images of U20S (WT and G3BP1/2 KO) stimulated with 162bp dsRNA (1ug)
for 24 hours. 3.3B) Sytox staining of U20S (WT and G3BP1/2 KO) stimulated with 162bp dsRNA (1ug) for 24 hours
in the presence of the pan-caspase inhibitor Q-VD-OPh. The incorporation of sytox (death cells) was measure using
flow cytometry. 3.3C) Representative immunoblot for the cleavage of caspases in U20S (WT and G3BP1/2 KO) at 6-
or 24-hours post dsRNA stimulation (1ug). 3.3D) Representative light microscopy images of U20S (G3BP1/2 KO,
G3BP1/2 RNase L KO, and G3BP1/2 MAVS KO) stimulated with 162bp dsRNA (1ug) for 24 hours (left). Total RNA
from each cell line was analyzed by electrophoresis a using an Agilent TapeStation system to confirm the activity of
RNase L (right). Relative level of antiviral signaling in U20S cells (WT and G3BP1/2 KO) in the presence of the pan-
caspase inhibitor, as measured by the level of IFN-3 mRNA. All data are presented as mean + s.d. (n = 3-4) and are

representative of at least three independent experiments.
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3.5 Discussion

We have provided evidence that stress granules play a key role in suppressing aberrant
IFN signaling (Figure 3.2). Knock-out of the SG-nucleating proteins G3BP1 and G3BP2 led to
higher expression of IFN-3 and other antiviral genes, as well as higher phosphorylation of the
transcription factor IRF3 during the early steps of signaling. These results contrast the current
hypothesis that SGs orchestrate signaling events, and thus are required for signaling to occur
(Onomoto et al., 2013; Onomoto et al., 2014). This prevailing hypothesis is based partly on the
IFN signaling deficiency of G3BP1/2 knocked-down cells at late stages in the antiviral response.
We also observed a similar phenotype in our knock-out cell lines at 24hrs (Figure 3.2). However,
we demonstrate that the decrease in IFN signaling in G3BP1/2 KO cells from 6- to 24-hours is
due to a cell death process. Preventing cell death using the pan-caspase inhibitor reversed this

‘drop’ in IFN signaling, suggesting an interplay between cell death and IFN signaling.

Rather than serving as ‘hubs’ for orchestrating signaling events, we propose that SGs are
intermediates in the degradation of IFN signaling complexes. We showed that not only RIG-I,
but also other signaling molecules, including RIPLET, MAVS, and TRAF2/6, are recruited to SGs.
Importantly, the co-localization of RIG-I with LC3, an autophagy marker, depended on the
assembly of SGs (Figure 3.1), which suggests a possible degradation mechanism. Our work in
this front is not finished and we are currently testing the autophagic flux of these proteins.
However, the lack of sequestration of these signaling complexes into SGs in G3BP1/2 KO U20S,
and the lack of subsequent degradation by autophagy, is consistent with the hyper-activation of

IFN signaling we observed (figure 3.2).
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Finally, we showed that SGs are critical determinants of cell death in response to dsRNA
stimulation. G3BP1/2 KO cells were more sensitive to dsRNA than the WT parental cells at 24
hours, and this cell death was fully ameliorated with pan-caspase inhibitor treatment. We also
observed more cleavage of the effector caspase 3 in G3BP1/2 KO cells, which suggests that
their cell death was due to apoptosis. Our current work is trying to mechanistically determine
the steps leading to apoptotic cell death in these cells. While this work continues, our results
thus far suggest that SGs are critical in preventing hyperinflammation in response to dsRNA and

are check-points in a life-death decision in cells.
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Chapter 4: Conclusion
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4.1 Binding of Ubiquitin ligases to RLRs

Here we described the mechanistic details of the binding between the ubiquitin ligase
RIPLET and its substrate RIG-I. We discovered that the binding between RIPLET and RIG-I
requires bivalent RIPLET PRY/SPRY domains and that at least two RIG-I molecules need to be
present in the RIG-I filament. This work provides the foundation for future efforts in the
structural understanding of the RIPLET-RIG-I interaction, as well as the interaction between RIG-

I-like receptors and other ubiquitin ligases.

Although further detailed structural work is still missing, the model presented in chapter
two for the interaction between RIG-I and RIPLET is an important first step. Given that RIG-|
filaments form a heterogenous population, and that the addition of RIPLET causes the
aggregation of these filaments, the study of the RIPLET-RIG-I complex using full-length proteins
would be difficult using cryo-electron microscopy (due to lack of heterogeneity of the sample)
or crystallography (because large and flexible molecular complexes are difficult to crystallize).
Instead, future structural work should focus on the minimal interaction domain that we
described here. First, we discovered that RIPLET binds to the helicase-CTD of RIG-I, and thus we
could omit the N-terminal 2CARD domain along with the flexible linker between the 2CARD and
the helicase domain (~200 residues total). Further truncation of the helicase domain and the

CTD inhibited RIPLET binding (not shown in chapter 2), thus this unit is minimally required.

Second, we discovered that a 21bp dsRNA is minimally required to allow for RIPLET-RIG-I
interaction. The dsRNA footprint of RIG-I is 10-12bp long, thus any dsRNA shorter than 21bp

would lack the minimal two RIG-I molecules required for RIPLET binding. In addition, any dsRNA
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beyond 30-40bp would allow multiple binding confirmations between RIG-I and RIPLET,
increasing the heterogeneity of the sample. Lastly, rather than using full-length RIPLET or the
RING-deletion mutant, future studies should focus on using our GST-PRY/SPRY construct. The
benefit of using GST-PRY/SPRY is that, although this protein binds RIG-I filaments more
efficiently than the RIPLET RING-deletion mutant, it does not induce clustering, thus reducing
the heterogeneity of the sample. The predicted molecular weight of this minimal RIG-I complex

is ~ 200 kd, which falls above the minimal ~100 kd suitable for electron microscopy.

In addition to RIG-I, cells can also sense cytoplasmic viral dsRNA through the receptor
MDAS. Both RIG-I and MDAS belong to the RLR family and comprise similar domain
architecture (2CARD-helicase-CTD) and share the same downstream pathway (MAVS). Like RIG-
I, the 2CARD domain of MDAS was also shown to be ubiquitinated, and this modification was
shown to promote signaling. However, the identity of the ubiquitin ligase involved in MDAS
ubiquitination remained a mystery. Recently, TRIM65 was discovered as the ubiquitin ligase
involved in MDAGS signaling (Lang et al., 2016). Like RIPLET, TRIM65 contains a C-terminal
PRY/SPRY domain and a central coiled-coil domain. Given their domain similarity, it will be
interesting to test if the interaction between MDAS filaments and TRIM65 parallels that of
RIPLET and RIG-I. For example, we can purify the PRY/SPRY domain of TRIM65 tagged with GST
to test the bivalency requirement. Since the TRIM65 coil-coiled domain is likely to be in
antiparallel symmetry, we can also test if TRIM65 is able to cluster MDAS filaments, and
whether or not clustering can promote signaling in the absence of ubiquitination using a RING-

deletion mutant.
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Our discovery of the bivalency requirement for the interaction between RIPLET and RIG-
| shows how ubiquitin ligases can discriminate their substrates based on their oligomerization
state. It would be intriguing to test if the bivalency requirement can be applied to other
ubiquitin ligases that are important for antiviral signaling, not only during the activation of the
receptors but also after signaling. For example, RNF125 has been shown to negatively regulate
RIG-I signaling (Arimoto et al., 2007). Unlike RIPLET, which conjugates activating K63-linked Ub
chains, RNF125 conjugates K48-linked ubiquitin. This type of ubiquitination leads to the
degradation of RIG-I, thus preventing its aberrant signaling. The direct interaction between
RNF125 and RIG-I has not been studied, but it is intriguing to think that this ligase could also
recognize pre-oligomerized RIG-I using a similar binding mode as RIPLET. Our work on RIPLET
opened new hypotheses to study the interaction between receptors and ligases in antiviral

innate immunity.

4.2 Identification of factors involved in SG resolution

Here we showed that the critical RLR signaling adaptor MAVS co-localizes with LC3, an
autophagy marker, after dsRNA stimulation. This co-localization was completely abolished in
cells lacking G3BP1/2, which are the nucleators of dsRNA-mediated SGs, and this led to the
hyper-activation of the IFN signaling pathway in response to dsRNA. This suggest that SGs are

important for the degradation of MAVS signaling complexes through autophagy.

To test this hypothesis further, we are currently developing a system to express MAVS
tagged with keima in stable cells. Keima is a florescent protein that undergoes a change in its

excitation/emission depending on the pH. Keima is excited at a 448 nm under neutral pH, but
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this changes in an acidic pH, where the excitation changes to 580 nm. This approach has been
used previously to the test the flux of proteins into the lysosome (An et al., 2019). The change
in the excitation/emission of keima-MAVS in response to dsRNA could indicate its flux into the
lysosome. In addition to providing further evidence for the flux of MAVS into the lysosome, this
system could be useful for the identification of factors involved in the degradation of SGs
through autophagy in a genome-wide knock-out screen. Cells that have deletions in factors
involved in the flux of keima-MAVS into the lysosome will fail to undergo a keima
excitation/emission shift and can be sorted using FACS. To our knowledge, this could be the
first screen use to identify factors that mediate the resolution of signaling aggregates in an
innate signaling pathway. Our work on SGs and their relationship to RLR signaling lay the

groundwork for these future efforts.

4.3 Understanding the RIG-I signaling pathway from beginning to end

Our work in this dissertation has uncovered important steps in the activation and shut-
down of the RIG-I signaling pathway. We challenged the long-standing dogma in the field that
TRIM25 is the required ubiquitin ligase for RIG-l and showed that RIPLET is solely needed. In
addition, we discovered that this ubiquitin ligase has functions other than ubiquitination in
promoting antiviral signaling by assembling RIG-| aggregates. In our efforts to further
understand these RIG-1 and MAVS signaling aggregates, we discovered the reason for their
recruitment into stress granules. Rather than promoting the signaling of RIG-l and MAVS, as is
the current hypothesis in the field, we discovered that SGs suppress RIG-I signaling. This
suppression of signaling is due to the sequestration of these signaling molecules and leads to

their degradation through autophagy. Although much more work is needed to fully understand
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RIG-I signaling, our work provided insight into the early steps of RIG-I activation, the
recruitment of RIG-I and MAVS into SGs, and the subsequent degradation of the signaling

aggregates through autophagy.
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Appendix 2: supplemental Figures
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Supplemental Figure 1 Related to Figure 2.1

S1A-B) MEF (WT and RIPLET-/-) and MEF (WT and TRIM25-/-) were obtained from Oshiumi (Oshiumi et al., 2010)
and Gack (Gack et al., 2007) laboratories, respectively. Cells were stimulated with 42 bp dsRNA with 5'ppp (0.2 ug)
or VSV (MOI=1), and the antiviral signaling activity was measured by the IFN-3 mRNA level (using GAPDH as an
internal control) and normalized against the WT values. S1C) Relative signaling activity of RIG-1 2CARD fused to GST
(GST-2CARD) (50 ng) in 293T cells (WT, RIPLET-/- or TRIM25-/-, from the Hou lab (Shi et al., 2017)), as measured by
the IFN-P3 promoter reporter assay. Note that antiviral signaling by GST-2CARD occurs in a RIPLET-independent

manner because, as shown in Figure 3A, RIPLET does not recognize isolated 2CARD.
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Supplemental Figure 2 Related to Figure 2.2

S2A) In vitro ubiquitination of RIG-1 and MDAS by RIPLET. RIG-l or MDAS (0.5 uM) was incubated with RIPLET (0.25
1M) in the presence or absence of their preferred dsRNA substrates (42 bp for RIG-l and 512 bp for MDAS5, 1
ng/ul). Reactions were performed as in Figure 2A, and analyzed by anti-RIG-I or anti-MDAS blot. $2B) RNA binding
activity of RIG-l and RIPLET, as measured by native gel shift assay. An increasing concentration of RIG-I or RIPLET
(0.25, 0.5, 1 uM) was incubated with 42 bp dsRNA and analyzed by native PAGE. Gel image was obtained using

fluorescence of RNA stained with SybrGold.
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Supplementary Figure 3 Related to Figure 2.3

S3A) Native gel shift assay of MDAS with RIPLET. 512 bp dsRNA was visualized using fluorescence of the SybrGold
stain. S3B) Native gel shift assay of RIG-I variants with RIPLET. 42 bp dsRNA (1 ng/ul) was incubated with RIG-IAN,
the helicase domain or CTD (0.5 uM), in the presence or absence of RIPLET (0.5 uM). 42 bp dsRNA was visualized
using fluorescence of the SybrGold stain. S3C) In vitro Ub chain synthesis by RIPLET and ARING. S3D) Multi-angle
light scattering (MALS) traces of full-length RIPLET, ARING and PSpry. Theoretical and experimental molecular
weights are shown on the upper right corner. Only PSpry exists as a monomer, while full-length RIPLET and ARING
are constitutive dimers. Blue and brown traces indicate OD280 and estimated molecular weight, respectively. S3E)
Native gel shift assay to compare the RIG-I binding efficiency of ARING and GST-PSpry. Right: the bound species
was quantified using densitometry (mean % s.d., n = 3). * p < 0.05, ** p < 0.01, ***p < 0.001, ns, not significant
(unpaired t test). S3F) Native gel shift assay to monitor the interaction between RIG-I and RIPLET. Fluorescently
labeled RIG-IAN (300 nM) was incubated with RIPLET (0, 150, 300, 600 nM) in the presence or absence of 15 bp or
512 bp dsRNA (2.5 ng/ul), and the complex was analyzed by native gel using RIG-I fluorescence. Note that there
are two populations of the RIG-1:512 bp:RIPLET complex, one migrating into the gel and the other remaining in the

gel well. All data are representative of three independent experiments.
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Supplementary Figure 4 related to figure 2.4

S4A) Representative EM image of RIG-I protein alone (0.5 uM). S4B) Representative EM images of MDASAN
filaments (0.4 uM) formed on 512 bp dsRNA (1 ng/ul), in the presence and absence of ARING (0.4 uM). Due to the
instability of the MDAGS filament on EM grids, ADPeAIF4 (1 mM) was added prior to the grid preparation. Previous

EM analysis of MDAGS filaments similarly required ADPeAIF4 to stabilize the filament on the grid (Peisley et al.,

2011; Wu et al., 2013).
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Supplementary Figure 5 related to figure 2.6

S5A) Relative level of antiviral signaling in RIPLET-/- MEFs stably expressing ARING upon stimulation with 162 bp
dsRNA (0.2 ug). Two different clones of RIPLET-/- MEF reconstituted with HA-tagged ARING were used (see WB on
the right). In a subset of samples, IFN-3 (10 ng/ml) was added to the medium (24 hrs prior to RNA transfection) to
increase the level of RIG-I. The RIG-I-stimulatory activity of ARING was evident even with the basal level of RIG-I
and stably expressing ARING, but IFN-f3 further enhanced the effect of ARING. This is consistent with the notion
that the higher level of RIG-I allows more efficient filament formation on dsRNA and thus, more efficient filament

bridging by ARING. See also (B).

S5B) Relative level of antiviral signaling in RIPLET-/- 293T upon stimulation with 162 bp dsRNA (0.2 pg), with and
without complementation with ARING. ARING was transiently expressed (20 ng) together with RIG-I (10 ng) or by
itself in RIPLET-/- 293T. The RIG-I-stimulatory activity of ARING was evident even with endogenous RIG-I, but

ectopic expression of RIG-I further enhanced the effect of ARING.
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Supplementary Figure 6 related to figure 3.1

S6A) Representative immunofluoresce images of endogenous RIG-1 and endogenous TRAF2 (top) and endogenous

TRAF6 (bottom) in the presence of 162bp dsRNA (0.5ug). Cells were fixed 6 hours post-stimulation.
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Supplementary Figure 7 related to figure 3.3

S7A) Representative microscopy images of G3BP1/2 MAVS KO and G3BP1/2 IRF3 KO U20S in the presence of

162bp dsRNA (1ug). Images were taken 24 hours post-stimulation.
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